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Liquid–liquid Phase Separation (LLPS) of proteins and nucleic acids has emerged as
a new paradigm in the study of cellular activities. It drives the formation of liquid-like
condensates containing biomolecules in the absence of membrane structures in living
cells. In addition, typical membrane-less condensates such as nuclear speckles, stress
granules and cell signaling clusters play important roles in various cellular activities,
including regulation of transcription, cellular stress response and signal transduction.
Previous studies highlighted the biophysical and biochemical principles underlying
the formation of these liquid condensates. The studies also showed how these
principles determine the molecular properties, LLPS behavior, and composition of liquid
condensates. While the basic rules driving LLPS are continuously being uncovered,
their function in cellular activities is still unclear, especially within a pathological
context. Therefore, the present review summarizes the recent progress made on
the existing roles of LLPS in cancer, including cancer-related signaling pathways,
transcription regulation and maintenance of genome stability. Additionally, the review
briefly introduces the basic rules of LLPS, and cellular signaling that potentially plays a
role in cancer, including pathways relevant to immune responses and autophagy.

Keywords: liquid–liquid phase separation, biomolecular condensate, cancer mechanism, protein aggregation,
signaling transduction, genome stability
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protein; IDR, intrinsically disordered region; PTM, posttranslational modification; LAT, linker for the activation of T cells;
LLPS, liquid–liquid phase separation; m6A, N6-methyladenosine; PAS, pre-autophagosomal structure; PML, promyelocytic
leukemia; POZ, pox virus and zinc finger; RNP, ribonucleoprotein; SPOP, speckle-type POZ domain protein; CTD, carboxy-
terminal domain; TCR, T cell antigen receptor; TF, transcription factor; APC, antigen-presenting cell; PRM, proline-rich
motif; ATG, autophagy-related genes; PD-1, programmed cell death protein 1; CTLA-4, cytotoxic T lymphocyte antigen 4;
TIM-3, T-cell immunoglobulin and mucin domain 3; TORC1, target of rapamycin complex 1; RBP, RNA-binding protein;
DDR, DNA damage response; PARP1, Poly(ADP-ribose) polymerase 1; PARylation, poly(ADP-ribosyl)ation; ssDNA, single-
strand DNA; 53BP1, p53-binding protein 1; DSB, DNA double-strand breaks; SH3, SRC homology 3; WASP, Wiskott–Aldrich
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INTRODUCTION

Intracellular components are compartmentalized, respectively,
in living cells to facilitate the regulation of cellular activities
in time and space. Apart from the traditional membrane-
enclosed organelles, such as the mitochondria and endoplasmic
reticulum, many organelles do not have membranous structures
yet remain compartmentalized and can concentrate certain types
of molecules (Handwerger and Gall, 2006; Mao et al., 2011a;
Pederson, 2011). Such organelles include nuclear structures like
nuclear paraspeckles, the nucleolus as well as Cajal bodies and
cytoplasmic organelles such as the P-bodies, stress granules and
centrosomes. Notably, membrane-less organelles such as the
nucleolus, have been known since the 1830s when the structure
of the cell nucleus was first described (Wagner and Barry,
1836; David, 1964). Additionally, these structures and organelles
are usually composed of macromolecules such as proteins
and RNA and are in many cases known as ribonucleoprotein
(RNP) granules (Anderson and Kedersha, 2009). Moreover, the
membrane-less compartments in the cytoplasm are involved in
cellular signal transduction. For example, the Dvl protein family
was initially assumed to transmit the Wnt signals in response
to the binding of extracellular Wnt depending on membrane-
bound vesicles. However, it was later shown that they were
engaged without an enclosing membrane (Yanagawa et al., 1995;
Schwarz-Romond et al., 2005; Kim W. et al., 2013).

These membrane-less organelles or structures exhibit
significant liquid-like characteristics and are typically formed
through a physicochemical process called liquid–liquid phase
separation (LLPS) (Brangwynne et al., 2009). Given their liquid-
like features, all the membrane-less intracellular organelles,
structures and assemblies arising from LLPS are referred to
as biomolecular condensates (Banani et al., 2017; Shin and
Brangwynne, 2017). As with literal liquids, biomolecular
condensates have a spherical shape and can fuse into a
single large droplet upon contact with each other. Moreover,
compartmentalized condensates are able to dynamically
exchange components with the surrounding cytoplasm or
nucleoplasm and this can selectively accelerate or inhibit
biological reactions (Phair and Misteli, 2000; Snaar et al.,
2000). Therefore, LLPS is increasingly being recognized as
a fundamental process in the regulation of cellular activities
in time and space.

Notably, earlier research on the aberrant LLPS process and
formation of condensates, mainly focused on the molecular basis
of specific neurodegenerative diseases such as the Alzheimer
disease (AD) and amyotrophic lateral sclerosis (ALS) (Dormann
et al., 2010; Wegmann et al., 2018). For instance, it was
shown that ALS-derived mutations in RNA-binding proteins
(RBPs), such as TIA1, HNRNPA1 and FUS, facilitate abnormal
accumulation of the proteins in stress granules (which are
cytoplasmic condensates) (Kim H. J. et al., 2013; Mackenzie et al.,
2017). It was also suggested that this pathologic aggregation of
proteins in ALS patients was associated with an altered LLPS
process. In addition, in vitro experiments confirmed that these
proteins had undergone phase separation and condensed into
liquid-like droplets, and that over time they were converted

into solid-like aggregates, which is the foundation of age-
related diseases (Patel et al., 2015). Due to abundant proof that
LLPS-derived protein aggregates are responsible for age-related
diseases, the role of LLPS in cancer is also gaining increasing
attention. For example, RNA N6-methyladenosine (m6A), one
of the most prevalent epigenetic modifications on mRNAs, was
reported to be associated with diverse cancer biological activities
(Ma et al., 2019). Moreover, recent studies showed that m6A-
modified mRNAs can interact with its binding motifs and
phase separate into compartmentalized condensates, leading to
altered mRNA expression (Gao et al., 2019). Therefore, given the
indispensable role of m6A in cancer biology, it is likely that LLPS
participates in m6A-relavent tumor occurrence and development.
In addition to participation in epigenetic modifications, LLPS
is also involved in a wide range of cellular activities, such as
transcriptional regulation, maintenance of genome stability, and
signaling transduction, potentially contributing to tumorigenesis
and tumor development.

Therefore, the current article gives a comprehensive review
of existing research on LLPS, including a basic description
of the process, its known role in cancer and the biological
activities in which LLPS is involved that are potentially implicated
in cancer. This review also gives a simplified description of
the biophysics and biochemical mechanisms underlying LLPS,
readers interested in details will be referred to the published
literature (Alberti et al., 2019; Dignon et al., 2020).

MOLECULAR-LEVEL RULES AND
COMPONENTS OF LLPS

Varying degrees of weak non-specific interactions between
biomolecules are the driving forces behind phase separation
at the molecular level (Shin and Brangwynne, 2017; Youn
et al., 2019) (Figure 1A). In living cells, this interaction is
represented by protein–protein or RNA–protein multivalency
(Li et al., 2012). At a given temperature, phase separation
occurs above a saturated concentration, beyond which weak
transient interactions between biomolecules are stronger than
the unfavorable entropy of demixing (Banani et al., 2017; Wang
et al., 2018). Therefore, large biomolecules separate into two
phases above this concentration threshold, one of which is
dilute and the other is highly condensed. For biomolecules in
cellular solutions, both phases are typically in a liquid state; thus,
the process is termed LLPS (Youn et al., 2019). Furthermore,
the probability of a solution to undergo LLPS is not only
determined by its concentration and molecular multivalency, but
also by environmental conditions such as temperature, salt, and
pH (Riback et al., 2017). Additionally, the variety of physical
determinants for LLPS further indicate that it can occur due to
cellular stressors, like high temperature and hypoxia, which are
common inducers for tumorigenesis (Riback et al., 2017).

Proteins and nucleic acids (RNA and DNA) are major
components and mediators of LLPS. They can be altered by their
biophysical properties as well as phase separation behaviors to
form the highly multicomponent systems in condensates (Banani
et al., 2016). The initially established multivalent interactions for
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FIGURE 1 | The driving forces and regulation of liquid–liquid phase separation (LLPS) in cellular activity. (A) Scaffold proteins, such as FUS, concentrate low-valency
client proteins through multivalent interactions, which is key for driving LLPS. The intrinsically disordered regions in some scaffolds also promote this process.
Moreover, RNAs can further promote this process through interactions with RNA-binding regions. The thermodynamic force as well as cellular stressors, such as pH,
temperature, and salt, may also support the reversible LLPS process. Classical nuclear structures formed by LLPS include PML bodies, P-bodies, and RNP
granules. (B) LLPS is regulated by posttranslational and posttranscriptional modifications. Liquid condensates formed by Ddx4 are destabilized by its arginine
methylation, whereas interactions between poly m6A methylated mRNAs and m6A binding proteins promote LLPS. Each step corresponds to its numbering.

phase behaviors occur between proteins containing repeats of the
SRC homology 3 (SH3) domains and its binding proline-rich
motifs (PRMs) (Li et al., 2012). In in vitro experiments, Li et al.
(2012) demonstrated that these multi-valent, folded SH3/RPM
domains are the drivers of phase separation. Additionally, the
formation of liquid droplets was more evident at a higher SH3
concentration and valency (Li et al., 2012). Furthermore, Li
et al. (2012) constructed a system containing nephrin, neural
Wiskott–Aldrich syndrome protein (N-WASP) and NCK; they
showed (in vivo) that the repeated SH2/SH3 domains from
Nck and N-WASP, along with the phosphorylation of nephrin
promoted the formation of liquid condensates through LLPS,
which initiated the assembly of actins mediated by Arp2/3.
Notably, nephrin plays a critical role in regulating the formation
of glomerular filtration barrier, through actin assembly in kidney
podocytes (Rohatgi et al., 2001; Jones et al., 2006). In addition,
proteins that exhibit the same repetitive domains are often
thought to be involved in the formation of signaling complexes,
as in the case of T cell receptor (TCR) clusters in transmembrane
signaling (Su et al., 2016). The process will be discussed in detail
in subsequent paragraphs.

Proteins are the most common components of condensates,
and can be classified into scaffolds and clients according to
their functions (Banani et al., 2016). Scaffold proteins drive
LLPS and maintain the integrity of condensates, whereas client
proteins are low-valency molecules, which are concentrated
by scaffolds during LLPS and dynamically exchange with the
surrounding cytoplasm and nucleoplasm. Notably, members of
the FUS family are typical scaffold proteins. They drive the
accumulation of gel-like condensates, leading to the progression
of ALS and age-related diseases (Crozat et al., 1993; Patel
et al., 2015). Other scaffold proteins include HNRNPA1,
HNRNPA2, TAF15, and ESWR1 (Lin et al., 2015; Ryan
et al., 2018). In addition, scaffold proteins and RNP granules
usually possess intrinsically disordered regions (IDRs). Typically,
these regions are enriched with charged amino acids, which
constitute the backbone of different kinds of charged interactions
between RNA and proteins (Castello et al., 2012; Nott et al.,
2015; Uversky, 2017). Moreover, compared with structured
proteins with highly folded sequences, IDRs have low-sequence
complexity domains (LCDs). These structural features make
them energetically favorable and facilitate the occurrence of LLPS

Frontiers in Cell and Developmental Biology | www.frontiersin.org 3 June 2021 | Volume 9 | Article 631486

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-631486 June 17, 2021 Time: 13:31 # 4

Lu et al. Liquid–Liquid Phase Separation and Cancer

(Burke et al., 2015; Elbaum-Garfinkle et al., 2015; Molliex et al.,
2015; Conicella et al., 2016).

RNA is another significant component of condensates. It
acts in concert with proteins to regulate LLPS in living cells
(Zhang et al., 2015). Biomolecular condensates in the nucleus,
such as the nucleolus, paraspeckles, and RNP granules all
contain large amounts of both proteins and RNA as a result
of LLPS (Berry et al., 2015). Additionally, RNA is an ideal
scaffold element for its single-stranded, multivalent, and flexible
structures. For example, a reduction in RNA concentration or
a genetic depletion of RNA-binding in the nucleus accelerates
LLPS, leading to the accumulation of cytotoxic gel-like FUS and
TDP43 protein aggregates (Maharana et al., 2018). In contrast,
a high RNA/protein ratio inhibits LLPS and the formation
of biomolecular condensates. It was also suggested that RNA
can buffer the aberrant protein aggregates arising from LLPS.
Moreover, RBPs, such as RNA recognition motifs, were reported
to play a role in RNA stability and metabolism. These proteins
were shown to be responsible for interactions with RNAs during
LLPS, which leads to the formation of nuclear RNP bodies,
P-bodies, and stress granules (Clery et al., 2008). Furthermore,
Molliex et al. (2015) reported that LLPS, mediated by a low-
complexity sequence of HNRNPA1, was facilitated by RNA
recognition motifs in the presence of RNA, during the persistent
assembly of stress granules. This process was independent of
IDRs and highlighted the significance of RNA in LLPS (Molliex
et al., 2015). In most cases, proteins that contain both IDRs and
RNA recognition motifs interact with RNAs to promote LLPS
synergistically (Castello et al., 2012). This is now considered as
an RNA-induced lowering of saturation concentration for LLPS,
which is a prevalent effect on proteins (Lin et al., 2015; Molliex
et al., 2015; Saha et al., 2016).

REGULATION OF LLPS IN CELLULAR
ACTIVITIES

It remains unclear how the aging-related accumulation of protein
aggregates, such as HNRNPA1 TIA1, and TAU progresses from
liquid droplets into gel-like or solid-like particles and eventually
nucleate into amyloid fibers. Mechanistically, the production of
condensates by LLPS is reversible, although this reversibility
is compromised over time within a pathological context (Lin
et al., 2015; Zhang et al., 2015). Recent studies suggested that
the solid-like state of these proteins is likely to be regulated
by transcriptional activities that require the participation of
energetic substances, such as adenosine triphosphate (ATP) (Jain
et al., 2016; Mugler et al., 2016; Patel et al., 2017). Intriguingly,
several studies have shown that nucleolar subcompartments
and those within RNP granules have an apparent nucleolar
viscosity, which is highly dependent on ATP, and that the
fluidity of stress granules significantly decreases in the absence
of ATP (Brangwynne et al., 2011; Feric et al., 2016; Jain
et al., 2016). Moreover, it was reported that nucleoli undergo
LLPS and preferentially assemble in the organizing regions
of transcriptionally active rRNAs, in processes driven by
thermodynamics (Berry et al., 2015). In addition, nucleolar

components and structures show substantial changes after
inhibiting transcription upon nucleolar condensation (Shav-
Tal et al., 2005). Therefore, it is hypothesized that both the
irreversible transformation of condensates and the changes
in the viscosity of nucleolar subcompartments are driven by
thermodynamic forces, which are modulated by transcriptional
activities. The assumption is consistent with the findings
from previous studies which showed that RNA can co-
transcriptionally drive the assembly or nucleation of nuclear
organelles such as the nucleolus, paraspeckles, and stress granules
(Mao et al., 2011b; Shevtsov and Dundr, 2011). However, the
thermodynamic parameters modulated by RNA transcription
do not fundamentally alter the passive LLPS process. More
specific experimental methods that include parameters such as
temperature and pH could further elucidate the determinants of
LLPS in biological activities. Furthermore, targeting specific RNA
transcription or ATPase may be a new therapeutic strategy that
can reverse the irreversible process of protein accumulation in
cancer and aging diseases. Nonetheless, global ATP depletion or
inhibition of transcription can influence normal cell function.
Considering their multifaceted roles in cellular activities, targeted
RNA interference or specific ATPase abrogation might be
promising strategies for managing both diseases.

In addition, the metastability of biomolecular condensates
highlights that these molecular structures, represented by
proteins and RNAs, likely didn’t reach thermodynamic
equilibrium in most cases. Additionally, cells use functional
modification as another regulatory mechanism to control
the dynamics, composition and reversibility of phase
separation, including posttranslational modification (PTM) and
posttranscriptional modification (Figure 1B). Representatives of
PTM in LLPS include phosphorylation and arginine methylation,
which tend to facilitate or impair the formation of condensates by
altering the valence of scaffold and client proteins. For example,
it was reported that arginine methylation of Ddx4, whose IDRs
condense to form condensates through LLPS, could destabilize
the condensates and attenuate LLPS by altering its electrostatic
interactions (Nott et al., 2015). Moreover, arginine methylation
occurs within the nucleus of cervical cancer cells. In contrast,
phosphorylation can either promote or impair the formation
of condensates. For instance, synapsin, is a neurotransmitter-
containing synaptic vesicle (SV) that forms through LLPS. It was
previously shown to rapidly dissolve upon phosphorylation by
Ca2+/calmodulin-dependent kinase II to trigger the release of
neurotransmitters (Milovanovic et al., 2018). Similar phenomena
were observed in the low-sequence-complexity domains of FUS
and other amyloid proteins (Monahan et al., 2017; Carpenter
et al., 2018). Intriguingly, phosphorylation of the microtubule-
binding domain of the tau protein instead altered its valency
and facilitated the formation of liquid condensates, eventually
leading to the aggregation of amyloid tangles (Ambadipudi
et al., 2017). The modulatory effect of PTM on LLPS therefore
shows its potential in cancer treatment, by tampering with the
interaction between small molecules and target protein motifs.

Posttranscriptional modification is a newly identified
mechanism of regulating LLPS and research has mainly focused
on RNA m6A (Gao et al., 2019; Ries et al., 2019; Liu et al., 2020;
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Wang J. et al., 2020) (Figure 1B). m6A methylation is the most
prevalent epigenetic modification at the posttranscriptional
level and is widely involved in numerous cellular processes. Ries
et al. (2019) reported that LLPS is significantly facilitated by
mRNAs containing multiple m6A-modified domains through
the regulation of m6A readers. Moreover, polymethylated mRNA
can serve as a multivalent scaffold for the binding of YTHDFs
(the RBPs in the m6A reader family), and simultaneously
juxtapose their low-complexity domain to promote LLPS.
Eventually, the mRNA–YTHDF combinants phase separate
into compartmentalized droplets, forming liquid condensates
such as stress granules and P-bodies, resulting in altered mRNA
translation and degradation. Due to the prevalence of aberrant
m6A modification in tumor biology, therapies targeting m6A to
modulate LLPS and eventually, the expression of mRNA may
have considerable potential (He et al., 2019).

THE EMERGING ROLE OF LLPS IN
CANCER

Over the past decades, there has been great progress in
understanding of the malignant behaviors of tumors, and this
is represented by the proposal on the hallmarks of cancer
(Hanahan and Weinberg, 2011). Notably, during the multistep
development of tumors, cancer cells acquire six biological
capabilities that allow them to evolve progressively to a malignant
state. These include limitless proliferation, avoiding inhibition
of growth, resistance to death, replicative immortality, induction
of angiogenesis, invasiveness and distant metastasis, (Hanahan
and Weinberg, 2000). It was confirmed that cancer mutations
typically underpin the acquisition of these hallmarks, or they
interfere with the functions of inhibitors of these hallmarks.
However, it is still unclear why certain genetic mutations cause
cancer. Therefore, the emergence of phase separation offers a new
basis of interpreting and understanding cancer phenotypes, with
potentially novel therapeutic avenues.

P53 Protein Aggregation: Question to
Answer
As in the case of neurodegeneration, disease-linked genetic
mutations in RBPs promoted the accumulation of their respective
proteins, which forms membraneless-organelles in the cytoplasm
or nucleus through reversible phase separation (Kim H. J. et al.,
2013; Patel et al., 2015; Conicella et al., 2016; Mackenzie et al.,
2017). A higher concentration of these proteins in condensates
shifted the phase equilibrium toward a highly condensed state
and simultaneously promoted the formation of irreversible
protein aggregates (Patel et al., 2015; Wegmann et al., 2018).
This irreversible liquid-to-solid transition corresponds to the
formation of amyloid fibrils, which underlies the development
of aging diseases (Shin and Brangwynne, 2017). However, the
same mechanism is yet to be proven in cancer mutations. For
instance, TP53, one of the most studied tumor suppressor genes,
plays a critical role in maintaining genomic stability. It protects
cells against tumorigenesis by inducing cell cycle arrest and
binding to its target DNA sequence to initiate DNA repair or

apoptosis (Silva et al., 2014; Eischen, 2016; Mantovani et al.,
2019) (Figure 2A). Over 50% of human cancers exhibit TP53
gene mutations (Muller and Vousden, 2013). Previous studies
reported that p53 can be uptaken into nuclear bodies such as
the Cajal and PML bodies under conditions of stress responses
(Fogal et al., 2000; Guo et al., 2000; Cioce and Lamond, 2005).
In prostate cancer, p53, along with other proteins such as MYC
and CDKN2D, accumulates within significantly enlarged cancer
cell nucleoli (Dang and Lee, 1989; Wsierska-Gadek and Horky,
2003; Fischer et al., 2004; Pedrote et al., 2018). Moreover, mutant
p53 protein is known to form amyloid-like aggregates, which
abrogate its antitumor functions (Ghosh et al., 2017). It was
also reported that mutant p53 aggregates faster than the wild-
type, and the state transition is largely attributed to the p53
DNA binding domain, which has an amyloidogenic sequence
and is likely to associate into solid-like fibrils (Lee et al., 2003;
Ano Bom et al., 2012; Ghosh et al., 2017). Aggregated species of
mutant p53, or in another word, oligomerization of p53 mutants,
are highly expressed in cancer cells, and accumulate as amyloid
oligomers, which are associated with malignant phenotypes
such as chemoresistance and tumor growth (Melo Dos Santos
et al., 2019; Pedrote et al., 2020; Zhang et al., 2020). Although
oligomerization and phase separation are often coupled, they do
represent distinct process, and can be experimentally separated.
Therefore, notwithstanding the seemingly alike outcomes of
aging-associated amyloidogenesis and p53 aggregation, the
process they resulted from could be distinct.

Intriguingly, recent studies reported potential condensation-
like behaviors of mutant p53 that exhibited a number of unique
features, distinct from LLPS-originated liquid droplets. For
instance, Yang et al. (2020) reported that p53 R248Q, one of the
p53 mutants that strongly predicts poor outcomes in ovarian
cancer patients, forms condensate-like clusters by destabilizing
the structure of its core domain instead of interacting through
its disordered regions. Moreover, the formed p53 R248Q clusters
may lead to the misfolding and irreversible aggregation of
p53 itself, and consequently amyloid fibrils. The condensate-
like state was also observed in fluorescently tagged structural
mutant p53 in osteosarcoma cells, and they were independent
of PML or Cajal bodies (Lemos et al., 2020). Another study
reported that p53 itself was found to form liquid-like droplets
in vitro, at a neutral and slightly acidic pH environment, and
at low salt concentrations (Kamagata et al., 2020). Although
low-complexity domains that frequently being found in phase-
separated proteins was not identified in p53, the multivalent
electrostatic interactions between the C-terminal and N-terminal
domains of p53 mutant were proven to be the key drivers
for droplet formation (Kamagata et al., 2020). Additionally,
this process was found to be regulated by molecular crowding
agents, DNA, and PTM, while the effect of RNA on droplet
formation is still unclear (Kamagata et al., 2020). Given the
above studies, we presumed that the pathologic cancer-associated
p53 aggregation may proceed via a functional step of LLPS,
which explains why it shares similarities with LLPS yet exhibit
distinguishable characteristics. Nevertheless, more studies are
needed to ascertain the roles of p53 in cellular conditions, to
determine its relationship with LLPS and amyloid formation,
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FIGURE 2 | Aberrantly regulated liquid–liquid phase separation (LLPS) in cancer. (A) Tumor suppressor p53 forms liquid-like droplet upon mutations, and it
self-associates into oligomers through oligomerization. Consequently, p53 oligomers irreversibly aggregate into amyloid fibers. However, it is still unclear whether p53
undergoes reversible LLPS to form droplet. (B) Upon DNA damage, 53BP1 is recruited and assembles at the DNA damaged sites through phase separation. The
phase separated 53BP1 condensates dynamically recruit and stabilize downstream proteins such as p53 and its co-activator USP28, leading to the overexpression
of p53 target genes such as p21 and consequently arrest of cell cycle. (C) Highly ordered SPOP polymers and their binding protein substrates, such as DAXX,
undergo LLPS and are recruited toward nuclear speckles, where SPOP oligomers facilitates the ubiquitination of substrates such as Gli3 and other oncoproteins to
inhibit tumorigenesis. In cancers, this function is abrogated by SPOP mutation. (D) Transcriptional regulators, including super-enhancers, co-activators, transcription
factors, and RNA polymerase II, all undergo a phase separation that promotes cancer transcriptional activities, resulting in the aberrant expression of oncogenes and
facilitating tumor progression.

and to elucidate its possible involvement in the formation of
membraneless organelles such as the Cajal and PML bodies.

Maintenance of Genome Stability
Genetic mutations are usually accompanied by the disruption of
DNA damage response (DDR) and DNA repair, as exemplified in
p53. Recent studies indicate that DDR can induce the formation
of transient repair condensates at the sites of DNA damage
to concentrate repair proteins and activate repair signaling
(Jackson and Bartek, 2009; Kim et al., 2020). Poly(ADP-ribose)
polymerase 1 (PARP1), the founding member of the PARP
family, plays a crucial role in cancer biology, including chromatin
remodeling, replication, transcription, and most importantly,
DNA repair and genome maintenance (Ray Chaudhuri and
Nussenzweig, 2017; Hanzlikova and Caldecott, 2019; Kim et al.,
2020). Early studies also showed that it was overexpressed in a
variety of cancers (Rouleau et al., 2010). PARPs, such as PARP1,
that are capable of synthesizing negatively charged polymers
of PAR chains are called “writers” of poly(ADP-ribosyl)ation

(PARylation) (Kamaletdinova et al., 2019). PARylation is thought
to regulate the biochemical properties, assembly and catalyzation
of target proteins upon DNA damage in a spatio-temporal
confined manner (Kim et al., 2020; Pahi et al., 2020). Recently,
Altmeyer et al. (2015) demonstrated that the formation of
PAR chains, its nucleic-acid like properties, and its multivalent
anionic nature are prerequisite to trigger the assembly of
proteins containing IDRs at the damaged DNA sites, and thereby
initiate liquid demixing. Consequently, a transient and reversible
intracellular compartmentalization is achieved in response to
DNA damage, via selective recruitment of LCD-containing FET
proteins such as FUS, TAF15, and EWS (Altmeyer et al., 2015).
Moreover, the LLPS behavior driven by electrostatic interactions
between the positively charged LCDs and negatively charged
PARs is amplified by prion-like protein domains, facilitates
DNA repair (Altmeyer et al., 2015). In fact, PARP inhibitors
have been widely used in clinic as monotherapeutic agents
to block single-strand DNA (ssDNA) repair thereby inducing
the synthetic lethality in cancers including ovarian, breast, and
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pancreatic cancer (Jiang et al., 2019; Slade, 2020; Zhu et al.,
2020). With more functional complexity of PARPs revealed, such
as its role in LLPS, higher efficacy of clinical medicine may
be achieved through combinational treatment method targeting
both LLPS and DNA DDR.

Following PAR signaling studies, p53-binding protein 1
(53BP1) has also received attention for its important role in
maintaining genomic stability (Figure 2B). By binding with
p53, 53BP1 directly regulates the stability of p53 and affects
the expression of p53 target genes, and it has been reported
to regulate tumor cell behaviors in a variety of malignancies
such as esophageal, colorectal, and breast cancers (Misteli and
Soutoglou, 2009; Bi et al., 2015; Mirza-Aghazadeh-Attari et al.,
2019; Yang et al., 2019; Schochter et al., 2020). And reduction
of 53BP1 expression was reported to be associated with cell
cycle arrest in esophageal cancer cells (Yang et al., 2019).
Previous studies have reported that 53BP1, as a regulator of
the repair of DNA double-strand breaks (DSBs), facilitates
formation of chromatin domains around the damaged DNA,
where downstream effectors are simultaneously recruited to
shield the DNA lesions against nucleolytic reactions (Panier and
Boulton, 2014; Mirza-Aghazadeh-Attari et al., 2019). However,
the mechanism of how repair proteins assemble in time and
space at the DNA damaged sites was not revealed until
recently. Kilic et al. (2019) confirmed the liquid droplet-like
properties of 53BP1 assembly and proved their phase separated
behaviors, which was mainly contributed by its C-terminal
regions that highly enriched with tyrosine and arginine and
oligomerization domains. Addition of chemical 1, 6-hexanediol,
that disrupts hydrophobic interactions reversed LLPS processes
and the assembly of 53BP1 (Kilic et al., 2019). Additionally,
Pessina et al. (2019) demonstrated that long non-coding RNA
synthesized at DSB can also drive the formation of 53BP1
assemblies through LLPS, and the process was halted upon
transcription inhibition. Notably, the phase separated 53BP1
assemblies for repairing DNA damage dynamically recruit and
stabilize downstream proteins such as p53 and its co-activator
USP28 (Kilic et al., 2019). When the formation of assembly
is damaged, p53 stability is consequently impaired, and so as
its target gene p21, leading to cell cycle arrest (Kilic et al.,
2019). Although corresponding inhibitors of 53BP1 has not been
developed yet, its role in DNA damage repair by means of LLPS
makes it promising target for inducing cancer cell death. Given
their similar phase separated behaviors, 53BP1 might be used to
sensitize chemoresistance cancer cells in combination with PARP
inhibitors (D’Andrea, 2018).

SPOP
The speckle-type pox virus and zinc finger (POZ) domain
protein (SPOP) is a substrate adaptor that pairs with the cullin3-
RING ubiquitin ligase (CRL3). SPOP controls the ubiquitination
and subsequent proteasomal degradation of various protein
substrates such as the death domain-associated protein (DAXX),
androgen receptor (AR), epigenetic regulators and hormone
signaling effectors, therefore is involved in diverse cellular
activities, including cell cycle control, epigenetic modification
and hormone signaling (Mani, 2014). Mutation of SPOP and

the resulting dysregulation of ubiquitin-proteasome pathways
play an important role in the pathogenesis and progression of
endometrial and prostate cancers, whereas its overexpression and
mislocalization are correlated with kidney cancer (Li G. et al.,
2014; Geng et al., 2017; Cuneo and Mittag, 2019; Wang Z. et al.,
2020). SPOP is most frequently mutated in prostate cancer,
and across 21 various types of cancers (Lawrence et al., 2014).
In prostate cancer, SPOP mutation abrogates its interaction
with the SRC-3 protein and subsequent regulation on AR
transcription, leading to tumor progression and resistance to
androgen deprivation therapies (Geng et al., 2013, 2017).

Human SPOP is mainly composed of three domains, in
which the N-terminal meprin and TRAF-C homology (MATH)
domain is the core domain responsible for recognizing protein
substrates, while the other two synergistically promote the self-
association of SPOP into linear, high-order oligomers (Marzahn
et al., 2016). The size distribution of oligomers is highly
dependent on SPOP concentration (Marzahn et al., 2016).
Previous studies have proved that wild-type SPOP mainly
localizes onto membraneless liquid nuclear speckles, where
the interchromatin clusters are critically involved in mRNA
maturation, DNA repair, RNA metabolism, and chromatin
organization (Figure 2C) (Nagai et al., 1997; Galganski
et al., 2017). The highly ordered SPOP oligomer can recruit
substrates such as Gli3 and other oncoproteins to CRL3 for
ubiquitination and subsequent proteasomal degradation, which
mechanistically reduce tumorigenesis (Zhang et al., 2006, 2009;
Cheng et al., 2018). However, the mechanism about how
SPOP recruits oncogenic substrates to nuclear speckles remains
elusive. Recently, Bouchard et al. (2018) reported that SPOP
localizes onto liquid nuclear organelles through phase separation
with DAXX, which contains multiple SPOP-binding motifs
in intrinsically disordered domains. Moreover, they proved
oligomerization of SPOP instead of its monomeric state can
promote LLPS (Bouchard et al., 2018). In other words, the
multivalent interactions between highly ordered SPOP oligomers
and its binding substrate proteins can promote LLPS and their
co-localization. Additionally, prostate cancer-associated SPOP
mutants inhibit substrate ubiquitination by interfering with
the LLPS process (Bouchard et al., 2018). Therefore, it is
concluded that SPOP mutations can lead to the accumulation
of oncogenic proteins, which in turn disrupts the formation of
phase-separated condensates that regulate ubiquitin-dependent
proteostasis. This may provide a theory basis for prostate cancer
treatment that involves relocalizing SPOP to nuclear speckles
by decreasing its saturation concentration or inventing substrate
motifs compatible with SPOP, thereby restoring LLPS and the
ubiquitination balance to inhibit tumor progression.

Transcription and Super-Enhancers
The development of cancer involves the aberrant regulation of
downstream transcriptional networks, following the mutation of
driver genes. A variety of cancer phenotypes including tumor
growth, invasion, chemoresistance and distant metastasis, are
driven by deregulated transcription activities (Bradner et al.,
2017). Notably, RNA transcription requires the participation of
RNA polymerases (Pol) and transcription factors (TFs), which
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are both likely to be regulated by phase separation (Figure 2D).
For instance, the carboxy-terminal domain (CTD) of RNA Pol
II is a low-complexity domain with an IDR, which is vital for
mRNA processing and transcription. It was previously observed
that reducing the length of CTD led to a decrease in Pol
II clustering and the recruitment of transcriptional apparatus,
whereas extension of the CTD resulted in the opposite effect
(Boehning et al., 2018). Mechanistically, CTD droplets can
undergo phase separation to incorporate Pol II at gene promoters,
and phosphorylation of CTD releases the Pol II from clusters
for transcription elongation (Boehning et al., 2018). A similar
process was shown to occur in TFs. Moreover, the activation
domains from the TFs OCT4 and GCN4, when driven by weak
multivalent interactions are phase separated into liquid droplets.
Estrogen receptor, a ligand-dependent TF, also undergo LLPS
for gene activation (Boija et al., 2018). Most activation domains
on TFs contain intrinsically disordered low-complexity sequence
domains. Additionally, the interactions between low-complexity
sequence domains underlie LLPS and the subsequent stability
of DNA binding, polymerase recruitment, and transcriptional
activation (Chong et al., 2018). Moreover, phase separation of
TFs has been reported to be implicated in the regulation of
aberrant gene expression in cancers, as exemplified by EWS
and FLI1 in Ewing’s sarcoma, suggesting that disturbing the
interactions of specific TF domains is a potential drug therapy
(Chong et al., 2018).

Additionally, the emergence of LLPS provides a novel
framework for understanding the molecular mechanisms of
underlying dysregulated transcription, mediated by oncogenes
such as MYC, whose regulatory basis is yet to be revealed. Recent
researches have focused on a bunch of gene clusters called ‘super-
enhancers,’ which are essential for regulating MYC expression
levels in hematological tumors and colon cancer cells (Bahr et al.,
2018; Scholz et al., 2019). Literally, super-enhancers are clusters
of transcriptional enhancers or regulatory elements that mainly
consist of master TFs and mediators (Hnisz et al., 2013; Whyte
et al., 2013). Compared to conventional TFs, super-enhancers
drive more robust expression of genes that prominently modulate
cellular functions and determine cell identity. Therefore, they
are expected to play an important role in cancer (Sengupta
and George, 2017). Moreover, existing evidence shows that the
high-density transcriptional apparatus of super-enhancers has
the properties of biomolecular condensates, such as a sharp phase
transition, the dynamic exchange of substances, and collapsing
with the depletion of condensation, indicating the involvement
of LLPS in the clustering of super-enhancers (Loven et al., 2013;
Kwiatkowski et al., 2014; Hnisz et al., 2015; Proudhon et al.,
2016; Sengupta and George, 2017). Recently, Sabari et al. (2018)
reported that the transcriptional mediator co-activators BRD4
and MED1 are enriched by super-enhancers and can phase
separate into compartmentalized condensates and concentrate
the transcriptional apparatus to control gene expression.
Therefore, we speculated that IDR-driven phase separation of
super-enhancers or other transcriptional apparatus is a general
mechanism for gene activation at the promoters by TFs.

With better understanding of the role of LLPS in
transcriptional activities, Hnisz et al. (2017) proposed a

phase separation model that can predict key determinants
in transcriptional regulation. Upon epigenetic or chemical
modifications, the components of enhancers, including
multivalent proteins and nucleic acids (RNA and DNA),
can form chain-like structures, and the residues could potentially
interact with other chains, thus building cross-links (Hnisz
et al., 2017). After a cascade of reactions, molecules within this
system, such as master TFs, mediator co-activators, chromatin
regulators, and RNA polymerases, can achieve a dynamic balance
and phase separate into droplets, which cooperatively regulate
transcriptional activities (Hnisz et al., 2017). Based on this
theory, some mechanisms of transcriptional activities aberrantly
regulated by enhancers in cancer can be partially explained. For
instance, Mansour et al. (2014) demonstrated in T cell leukemias
that the mutation of TAL1 oncogene enhancer can create
binding motifs for master TF MYB, which recruits additional
parts of the transcriptional apparatus, such as co-activator
acetyltransferases CBP, as well as critical components of leukemic
transcriptional complex, including GATA-3, RUNX1, and TAL1.
Namely, the insertion of a single TF MYB has the potential to
bind other co-factors at the transcriptional domain, leading to
the initiation of super-enhancers upstream for the activation
of TAL1 oncogene, and consequently promote leukemogenic
progress (Mansour et al., 2014). From our perspective, the
step-wise manner of the recruitment of TAL1 super-enhancer
complex, and their spatio-temporal proximity on transcriptional
domains correspond to certain characteristics of the formation of
biomolecular condensates, indicating a potential role of LLPS in
this process. In addition, the genetic deletion of enhancers within
super-enhancers can reduce the recruitment of other co-factors,
and lead to the collapse of the entire super-enhancer (Mansour
et al., 2014). A reversible state of this process may further confirm
the association between LLPS and transcriptional regulation
in cancer. Thus, the LLPS model proposed by Hnisz et al.
(2017) might be used for the prediction of potential enhancers
aberrantly activated in cancers for downstream transcriptional
regulation at promoters, and for therapies targeting specific
driver genes such as MYB or MYC to block downstream gene
expression and protein translation.

TRANSMEMBRANE SIGNALING
TRANSDUCTION REGULATED BY LLPS:
IMPLICATIONS IN CANCER

Cancer cells are continually exposed to aberrant external signals
that are accepted by transmembrane receptors, which in turn
initiate diverse intracellular signaling cascades, resulting in the
malignant behaviors of cancer cells. Sustaining of proliferative
signaling, for example, one of the most fundamental traits of
cancer cells, is associated with classical cancerous signals such
as the PI3K/Akt, JAK/STAT, and NF-κB signaling pathways,
all of which involve membrane receptors assembling into two-
dimensional clusters with transmitted molecules. Intriguingly,
recent studies suggested that LLPS might be an essential
mechanism for the high-order assembly of these receptors driven
by weak, multivalent interactions. Therefore, we uncover two
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relevant signaling pathways not only play important roles in
tumorigenesis but also involve LLPS.

LLPS in Immune-Relevant Signaling
Pathways
The assembly of signaling clusters on the membranes of
immune cells has been observed for several decades. Previous
studies reported that receptors on both T and B cells are
assembled on membranes in response to external stimulation
(Schumacher, 2002; Bankovich and Garcia, 2003; Gold and
Reth, 2019). T cell antigen receptor (TCR) signaling is a well-
studied system to elucidate the formation of transmembrane
clusters (Figure 3A). Notably, linker for the activation of T
cells (LAT) is a transmembrane adaptor protein that centrally
modulates most downstream signals of the TCR at immune
synapses [the interface between bound immune cells, such as
when T cells bind with antigen-presenting cell (APC)] (Dustin
and Choudhuri, 2016). Upon TCR activation, the tyrosine
residues of LAT are phosphorylated by the membrane kinase

ZAP70 (Zhang et al., 1998). These phosphorylated tyrosine
residues are in turn necessary for attracting the multivalent
Src Homology protein family members including Grb2, Gads
and PLC-γ, and subsequent formation of membranous clusters
and signal transduction (Samelson, 2002; Balagopalan et al.,
2015). Thereafter, the PRMs of the adaptor proteins, such as
Sos1 and SLP76, bind accordingly to the multivalent domains
of Grb2 and Gads, and then initiate the recruitment of actin
effectors such as WASP, Nck, and the Arp2/3 complex for the
polymerization of actin filaments (Kumari et al., 2015; Huang
et al., 2016). Consequently, these actin regulators and kinases
induce TCR activation, calcium release, actin assembly and
stimulation of MAPK signaling.

Bunnell et al. (2002) have reported that if TCR binds to
stimulatory antibodies, clusters enriched with SLP-76, LAT,
ZAP-70 and other signaling partners could form, leading
to the generation of an immune synapse. Moreover, these
clusters are formed without lipid membrane structures, and the
components of clusters could be dynamically exchanged with the
surroundings. However, it was not until 2016, that the role of

FIGURE 3 | (A) Phosphorylated T cell receptors (TCRs) recruit and activate cytoplasmic tyrosine kinase ZAP70, which in turn phosphorylates the linker for the
activation of T cells (LAT). LAT drives the formation of clusters enriched with downstream proteins, such as Gads and Grb2, which recruit adaptor proteins, such as
Sos1 and SLP76. Phosphorylated Sos1 and SLP76 initiate the recruitment of actin effectors such as WASP, Nck, and Arp2/3 complex for polymerization of actin
filaments, consequently leading to calcium release, MAPK signaling activation, and the formation of an immune synapse. (B) In yeast cells, the Atg1 complex
consists of five subunits including Atg1, Atg13, Atg17, Atg29, and Atg31, which are abundant with IDRs for subsequent phase separation. The Atg13 is highly
phosphorylated by TORC1 under nutrient replete conditions, leading to the block of Atg1 complex formation. Upon nutrient deprivation, TORC1 is inactivated, and
Atg13 is therefore dephosphorylated by protein phosphatases 2C and 2A, whereas Atg1 is auto-phosphorylated. Atg13 serves as a scaffold protein to bind with
Atg1 and Atg17-Atg29-Atg31 to promote the phase separation of Atg1 complex, and consequently the formation of pre-autophagosomal structure.
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LLPS in this process was uncovered (Balagopalan et al., 2015;
Su et al., 2016). Su et al. (2016) biochemically reconstituted an
in vitro TCR signaling system and revealed that the biochemical
force-multivalency between molecules in LAT clusters interacted
and resulted in phase separation. Additionally, CD45, one of the
transmembrane phosphatases opposing TCR phosphorylation,
was excluded from the LLPS-derived clusters, indicating that
LLPS produces a specialized chemical environment by selectively
concentrating molecules in clusters. Therefore, it is reasonable to
speculate that other signaling pathways, or more specifically, the
activation of other immune cells, employ the same mechanisms
since clusters are prevalent on immune cell receptors.

Furthermore, it was assumed that a large proportion of
biomolecules in the transmembrane signaling receptors on
different T cells can phase separate into clusters to facilitate
the transduction of signals and to regulate immune responses
in cancers. Based on this assumption, therapies aimed at TCR
and LLPS could be generalized to other co-inhibitory receptors
on T cells, such as the programmed cell death protein 1 (PD-
1), the cytotoxic T lymphocyte antigen 4 (CTLA-4), and T-cell
immunoglobulin and mucin domain 3 (TIM-3) (Wei et al., 2018).
For instance, CD28, is one of the co-stimulatory factors for T
cells, and is mostly co-localized with PD1 clusters upon T cell
activation (Hui et al., 2017). In addition, PD1 frequently recruits
phosphatase Shp2, after being activated by its ligand PDL1, for
the preferential dephosphorylation of CD28 in order to suppress
T cell function (Hui et al., 2017). Therefore, T cells are selectively
activated for the regulation of downstream signaling. It is also
likely that the tumor-killing effects of immunotherapies may
be enhanced by reducing the aberrantly clustered checkpoints
binding to multivalent T cell adaptor proteins such as Grb2
or LAT through LLPS in ways such as tuning the biochemical
multivalences between interactive domains (Brooks et al., 2004).

In addition to the membrane signaling pathways, LLPS also
facilitates intracellular signaling transduction. Notably, cyclic
GMP-AMP synthase (cGAS) is a cytoplasmic DNA sensor that
catalyzes the generation of cyclic GMP-AMP (cGAMP) from
guanosine triphosphate and ATP by binding to double-stranded
DNA (dsDNA) (Gao et al., 2013; Sun et al., 2013; Ablasser
and Chen, 2019). On the other hand, the secondary messenger
cGAMP can activate the adaptor protein STING, which in turn
induces type I interferon and consequently, an innate immune
response. Du and Chen (2018) reported that double-stranded
DNA binding with cGAS prominently promoted their phase
separation and the formation of condensates, in which activated
cGAS changed the multivalence of DNA. Mechanistically, the
altered valence of the cGAS–DNA interaction and the increased
protein and DNA concentration cooperatively lowered the
saturation concentration. Therefore, the aberrant expression
of cGAS or other secondary messengers could make them
independent of ligands and constantly activate immune signaling
pathways, which might be a viable therapeutic target.

Autophagy-Relevant Signaling Pathways
Autophagy is an evolutionarily conserved catabolic process that
requires the formation of double-membrane vesicles known as
autophagosomes to capture intracellular wastes, such as cytotoxic

proteins and damaged organelles, and deliver it to the lysosome
for degradation and recycling. Environmental stress, such as
hypoxia and nutrient deprivation, activates autophagy-related
genes (ATGs) in order to initiate and enhance intracellular
autophagic degradation to fulfill the metabolic and energy
demands of cancer cells. Moreover, autophagosome precursor,
also known as the pre-autophagosomal structure (PAS) in yeast,
is a transient structure modulated by nutrient signals and
frequently forms on vacuoles upon starvation (Fujioka et al.,
2020). Formation of PAS starts with the assembly of multiple
Atg1/ULK complexes, which in turn recruit other ATG proteins
by forming a scaffold (Yamamoto et al., 2016). In yeast cells,
the Atg1 complex consists of five subunits, namely Atg1, Atg13,
Atg17, Atg29, and Atg31, which are abundant with IDRs for
subsequent phase separation (Yamamoto et al., 2016; Fujioka
et al., 2020) (Figure 3B). Additionally, the activation of Atg1
requires the phosphorylation of its kinase domain at Thr226,
which induces its clustering and makes it serve as a client protein.
Whereas Atg13 is dephosphorylated by protein phosphatases 2A
and 2C, then binds to the distinctive regions of Atg17 to form
scaffold droplets, thus facilitating the LLPS of the Atg1 complex
and the formation of autophagosome (Fujioka et al., 2014).
Although the initiation of autophagy in mammalian and cancer
cells remains unclear, important insights may be obtained from
this mechanism in yeast cells. For instance, target of rapamycin
complex 1 (TORC1), which covers most of the signaling pathways
relevant to autophagy, inhibits the formation of autophagosome,
and regulates cell metabolism as well as growth (Saxton and
Sabatini, 2017; Murugan, 2019). The Atg1/ULK complex is highly
phosphorylated by TORC1 under nutrient replete conditions,
leading to the block of downstream signaling and inhibition
of autophagy (Jung et al., 2010). In addition, rapamycin,
which is one of the most widely used immunosuppressors,
can effectively inhibit Atg1/ULK phosphorylation by targeting
mTORC1 (Li J. et al., 2014). Moreover, rapamycin can block the
PI3K/Akt/mTOR pathway to inhibit tumor growth (Dibble and
Cantley, 2015). Since rapamycin can promote autophagy, one
proposal is to develop synergistic small molecules to accelerate
cell autophagy, and to cooperatively induce the autophagic death
of cancer cells, thereby enhancing the tumor-killing effect of
rapamycin (Kim and Guan, 2015). These small molecules will
act as scaffold proteins binding to Atg1/ULK clusters to facilitate
their LLPS process.

Additionally, recent studies showed that p62, one of the
autophagic receptors targeting autophagosomal cargoes for
degradation, can assemble into liquid condensates by binding
with ubiquitinated proteins, and it is itself degraded through
autophagy (Sun et al., 2018; Zaffagnini et al., 2018). Furthermore,
the binding of p62 to the KEAP1 mutant and NRF2 stabilizes
NRF2-regulated transcription, which alters cell metabolism
and alleviates oxidative stress (Cloer et al., 2018). However,
when the role of p62 in selective autophagy is impaired, it
accumulates and regulates downstream signaling such as NRF2,
mTORC1, and NF-κB. This in turn leads to imbalanced cellular
oxidation, nutrition conditions and inflammatory responses,
consequently enhancing the progression of cancer (Sanchez-
Martin et al., 2019). Therefore, p62 is likely to play an important
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role in autophagy-relevant cancer signaling, whereas detailed
mechanism is needed to be determined in future experiments.

CONCLUSION

Tumorigenesis and cancer development are complex processes
involving multiple steps, such as gene mutation, alteration of
transcription, epigenetic modification, and abnormal protein
expression. In addition, all the aberrations in each step
collectively result in the occurrence and progression of cancer.
Moreover, understanding the roles of LLPS in oncogenic
activities, either individually or in combination with other
mechanisms, can potentially promote the translation of
fundamental research into novel cancer diagnosis and targeted
therapies. The biophysical and biochemical interactions between
every single biomolecule or their constituent structures underlies
the basic principles of LLPS. Mechanistically, thermodynamic
forces derived from various cellular activities, such as RNA
transcription, PTM, and m6A modification, cooperatively
regulate phase separation. The maintenance of genome stability
is also actively accompanied by LLPS. Since genetic mutations
underlying the acquisition of cancer hallmarks are usually
accompanied by genome instability, restoring LLPS may be
helpful to inhibit tumorigenesis. Deregulated transcriptional
activities might upregulate oncoproteins and lead to tumor
onset, which is closely related with LLPS. Furthermore, master
transcriptional regulators, such as super-enhancers, are crucial
for the assembly of co-activators, a process in which LLPS has
an important role. Therefore, it could be useful to interfere
with the aberrant activation of transcription in cancers by
targeting the biomolecules that trigger LLPS in condensates.

Additionally, signal transduction, though not directly linked
with cancer through LLPS, might be a potential target for
cancer therapy. Existing evidence has not only demonstrated
its regulatory effects on innate immune activation but also
its significance in autophagy, both of which are key drivers
for cancer progression. Overall, addressing the functionalities
of intracellular biomolecules that are associated with higher-
order organization, such as proteins, RNAs and DNAs, has
deepened our understanding of the biological behavior of
cancer. Nevertheless, more effort should be directed toward the
functional exploration of LLPS in cancer because many problems
remain unsolved.

AUTHOR CONTRIBUTIONS

JL wrote the first draft of the manuscript. JQ and ZX
conceived the idea of the manuscript. LZ and SY designed
the structure of the manuscript. SZ and WZ revised, read,
and approved the submitted version. All authors read and
approved the manuscript.

FUNDING

This research was funded by the National S&T Major Project
of China (grants 2017ZX10203205 and 2018ZX10301201), the
Research Unit Project of the Chinese Academy of Medical
Sciences (2019-I2M-5-030), the Innovative Research Groups
of the National Natural Science Foundation of China (grant
81721091), and the Grant from Health Commission of Zhejiang
Province (JBZX-202004).

REFERENCES
Ablasser, A., and Chen, Z. J. (2019). cGAS in action: expanding roles in immunity

and inflammation. Science 363:eaat8657. doi: 10.1126/science.aat8657
Alberti, S., Gladfelter, A., and Mittag, T. (2019). Considerations and challenges in

studying liquid-liquid phase separation and biomolecular condensates. Cell 176,
419–434. doi: 10.1016/j.cell.2018.12.035

Altmeyer, M., Neelsen, K. J., Teloni, F., Pozdnyakova, I., Pellegrino, S., Grofte, M.,
et al. (2015). Liquid demixing of intrinsically disordered proteins is seeded by
poly(ADP-ribose). Nat. Commun. 6:8088. doi: 10.1038/ncomms9088

Ambadipudi, S., Biernat, J., Riedel, D., Mandelkow, E., and Zweckstetter, M.
(2017). Liquid-liquid phase separation of the microtubule-binding repeats of
the Alzheimer-related protein Tau. Nat. Commun. 8:275. doi: 10.1038/s41467-
017-00480-0

Anderson, P., and Kedersha, N. (2009). RNA granules: post-transcriptional and
epigenetic modulators of gene expression. Nat. Rev. Mol. Cell Biol. 10, 430–436.
doi: 10.1038/nrm2694

Ano Bom, A. P., Rangel, L. P., Costa, D. C., de Oliveira, G. A., Sanches, D.,
Braga, C. A., et al. (2012). Mutant p53 aggregates into prion-like amyloid
oligomers and fibrils: implications for cancer. J. Biol. Chem. 287, 28152–28162.
doi: 10.1074/jbc.M112.340638

Bahr, C., von Paleske, L., Uslu, V. V., Remeseiro, S., Takayama, N., Ng, S. W., et al.
(2018). A Myc enhancer cluster regulates normal and leukaemic haematopoietic
stem cell hierarchies. Nature 553, 515–520. doi: 10.1038/nature25193

Balagopalan, L., Kortum, R. L., Coussens, N. P., Barr, V. A., and Samelson, L. E.
(2015). The linker for activation of T cells (LAT) signaling hub: from signaling
complexes to microclusters. J. Biol. Chem. 290, 26422–26429. doi: 10.1074/jbc.
R115.665869

Banani, S. F., Lee, H. O., Hyman, A. A., and Rosen, M. K. (2017). Biomolecular
condensates: organizers of cellular biochemistry. Nat. Rev. Mol. Cell Biol. 18,
285–298. doi: 10.1038/nrm.2017.7

Banani, S. F., Rice, A. M., Peeples, W. B., Lin, Y., Jain, S., Parker, R., et al. (2016).
Compositional control of phase-separated cellular bodies. Cell 166, 651–663.
doi: 10.1016/j.cell.2016.06.010

Bankovich, A. J., and Garcia, K. C. (2003). Not just any T cell receptor will do.
Immunity 18, 7–11. doi: 10.1016/s1074-7613(02)00517-4

Berry, J., Weber, S. C., Vaidya, N., Haataja, M., and Brangwynne, C. P. (2015). RNA
transcription modulates phase transition-driven nuclear body assembly. Proc.
Natl. Acad. Sci. U S A. 112, E5237–E5245. doi: 10.1073/pnas.1509317112

Bi, J., Huang, A., Liu, T., Zhang, T., and Ma, H. (2015). Expression of DNA damage
checkpoint 53BP1 is correlated with prognosis, cell proliferation and apoptosis
in colorectal cancer. Int. J. Clin. Exp. Pathol. 8, 6070–6082.

Boehning, M., Dugast-Darzacq, C., Rankovic, M., Hansen, A. S., Yu, T., Marie-
Nelly, H., et al. (2018). RNA polymerase II clustering through carboxy-terminal
domain phase separation. Nat. Struct. Mol. Biol. 25, 833–840. doi: 10.1038/
s41594-018-0112-y

Boija, A., Klein, I. A., Sabari, B. R., Dall’Agnese, A., Coffey, E. L., Zamudio, A. V.,
et al. (2018). Transcription factors activate genes through the phase-separation
capacity of their activation domains. Cell 175:e16. doi: 10.1016/j.cell.2018.10.
042

Bouchard, J. J., Otero, J. H., Scott, D. C., Szulc, E., Martin, E. W., Sabri, N., et al.
(2018). Cancer mutations of the tumor suppressor spop disrupt the formation
of active, phase-separated compartments. Mol. Cell 72, 19–36.e8. doi: 10.1016/
j.molcel.2018.08.027

Bradner, J. E., Hnisz, D., and Young, R. A. (2017). Transcriptional addiction in
Cancer. Cell 168, 629–643. doi: 10.1016/j.cell.2016.12.013

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 June 2021 | Volume 9 | Article 631486

https://doi.org/10.1126/science.aat8657
https://doi.org/10.1016/j.cell.2018.12.035
https://doi.org/10.1038/ncomms9088
https://doi.org/10.1038/s41467-017-00480-0
https://doi.org/10.1038/s41467-017-00480-0
https://doi.org/10.1038/nrm2694
https://doi.org/10.1074/jbc.M112.340638
https://doi.org/10.1038/nature25193
https://doi.org/10.1074/jbc.R115.665869
https://doi.org/10.1074/jbc.R115.665869
https://doi.org/10.1038/nrm.2017.7
https://doi.org/10.1016/j.cell.2016.06.010
https://doi.org/10.1016/s1074-7613(02)00517-4
https://doi.org/10.1073/pnas.1509317112
https://doi.org/10.1038/s41594-018-0112-y
https://doi.org/10.1038/s41594-018-0112-y
https://doi.org/10.1016/j.cell.2018.10.042
https://doi.org/10.1016/j.cell.2018.10.042
https://doi.org/10.1016/j.molcel.2018.08.027
https://doi.org/10.1016/j.molcel.2018.08.027
https://doi.org/10.1016/j.cell.2016.12.013
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-631486 June 17, 2021 Time: 13:31 # 12

Lu et al. Liquid–Liquid Phase Separation and Cancer

Brangwynne, C. P., Eckmann, C. R., Courson, D. S., Rybarska, A., Hoege, C.,
Gharakhani, J., et al. (2009). Germline P granules are liquid droplets that localize
by controlled dissolution/condensation. Science 324, 1729–1732. doi: 10.1126/
science.1172046

Brangwynne, C. P., Mitchison, T. J., and Hyman, A. A. (2011). Active liquid-like
behavior of nucleoli determines their size and shape in Xenopus laevis oocytes.
Proc. Natl. Acad. Sci. U S A. 108, 4334–4339. doi: 10.1073/pnas.1017150108

Brooks, S. R., Kirkham, P. M., Freeberg, L., and Carter, R. H. (2004). Binding
of cytoplasmic proteins to the CD19 intracellular domain is high affinity,
competitive, and multimeric. J. Immunol. 172, 7556–7564. doi: 10.4049/
jimmunol.172.12.7556

Bunnell, S. C., Hong, D. I., Kardon, J. R., Yamazaki, T., McGlade, C. J., Barr, V. A.,
et al. (2002). T cell receptor ligation induces the formation of dynamically
regulated signaling assemblies. J. Cell Biol. 158, 1263–1275. doi: 10.1083/jcb.
200203043

Burke, K. A., Janke, A. M., Rhine, C. L., and Fawzi, N. L. (2015). Residue-by-
Residue view of in vitro FUS granules that bind the C-Terminal domain of RNA
polymerase II. Mol. Cell 60, 231–241. doi: 10.1016/j.molcel.2015.09.006

Carpenter, K., Bell, R. B., Yunus, J., Amon, A., and Berchowitz, L. E. (2018).
Phosphorylation-Mediated clearance of amyloid-like assemblies in meiosis.
Dev. Cell 45:e6. doi: 10.1016/j.devcel.2018.04.001

Castello, A., Fischer, B., Eichelbaum, K., Horos, R., Beckmann, B. M., Strein,
C., et al. (2012). Insights into RNA biology from an atlas of mammalian
mRNA-binding proteins. Cell 149, 1393–1406. doi: 10.1016/j.cell.2012.04.031

Cheng, J., Guo, J., Wang, Z., North, B. J., Tao, K., Dai, X., et al. (2018). Functional
analysis of Cullin 3 E3 ligases in tumorigenesis. Biochim. Biophys. Acta Rev.
Cancer 1869, 11–28. doi: 10.1016/j.bbcan.2017.11.001

Chong, S., Dugast-Darzacq, C., Liu, Z., Dong, P., Dailey, G. M., Cattoglio, C., et al.
(2018). Imaging dynamic and selective low-complexity domain interactions
that control gene transcription. Science 361:eaar2555. doi: 10.1126/science.
aar2555

Cioce, M., and Lamond, A. I. (2005). Cajal bodies: a long history of discovery.
Annu. Rev. Cell Dev. Biol. 21, 105–131. doi: 10.1146/annurev.cellbio.20.010403.
103738

Clery, A., Blatter, M., and Allain, F. H. (2008). RNA recognition motifs: boring? not
quite. Curr. Opin. Struct. Biol. 18, 290–298. doi: 10.1016/j.sbi.2008.04.002

Cloer, E. W., Siesser, P. F., Cousins, E. M., Goldfarb, D., Mowrey, D. D., Harrison,
J. S., et al. (2018). p62-Dependent phase separation of patient-derived KEAP1
mutations and NRF2. Mol. Cell Biol. 38:e00644-17. doi: 10.1128/MCB.00644-17

Conicella, A. E., Zerze, G. H., Mittal, J., and Fawzi, N. L. (2016). ALS mutations
disrupt phase separation mediated by alpha-helical structure in the TDP-43
Low-complexity C-Terminal domain. Structure 24, 1537–1549. doi: 10.1016/j.
str.2016.07.007

Crozat, A., Aman, P., Mandahl, N., and Ron, D. (1993). Fusion of CHOP to a novel
RNA-binding protein in human myxoid liposarcoma. Nature 363, 640–644.
doi: 10.1038/363640a0

Cuneo, M. J., and Mittag, T. (2019). The ubiquitin ligase adaptor SPOP in cancer.
FEBS J. 286, 3946–3958. doi: 10.1111/febs.15056

D’Andrea, A. D. (2018). Mechanisms of PARP inhibitor sensitivity and resistance.
DNA Repair (Amst) 71, 172–176. doi: 10.1016/j.dnarep.2018.08.021

Dang, C. V., and Lee, W. M. (1989). Nuclear and nucleolar targeting sequences of
c-erb-A, c-myb. N-myc, p53, HSP70, and HIV tat proteins. J. Biol. Chem. 264,
18019–18023.

David, H. (1964). [Physiologic and pathologic modifications of the submicroscopic
structure. I. karyoplasm. nuclear inclusions]. Z Mikrosk Anat Forsch. 71, 412–
456.

Dibble, C. C., and Cantley, L. C. (2015). Regulation of mTORC1 by PI3K signaling.
Trends Cell Biol. 25, 545–555. doi: 10.1016/j.tcb.2015.06.002

Dignon, G. L., Best, R. B., and Mittal, J. (2020). Biomolecular phase separation:
from molecular driving forces to macroscopic properties. Annu. Rev. Phys.
Chem. 71, 53–75. doi: 10.1146/annurev-physchem-071819-113553

Dormann, D., Rodde, R., Edbauer, D., Bentmann, E., Fischer, I., Hruscha, A., et al.
(2010). ALS-associated fused in sarcoma (FUS) mutations disrupt Transportin-
mediated nuclear import. EMBO J. 29, 2841–2857. doi: 10.1038/emboj.2010.
143

Du, M., and Chen, Z. J. (2018). DNA-induced liquid phase condensation of cGAS
activates innate immune signaling. Science 361, 704–709. doi: 10.1126/science.
aat1022

Dustin, M. L., and Choudhuri, K. (2016). Signaling and polarized communication
across the T Cell immunological synapse. Annu. Rev. Cell Dev. Biol. 32,
303–325. doi: 10.1146/annurev-cellbio-100814-125330

Eischen, C. M. (2016). Genome stability requires p53. Cold Spring Harb. Perspect.
Med. 6:a026096. doi: 10.1101/cshperspect.a026096

Elbaum-Garfinkle, S., Kim, Y., Szczepaniak, K., Chen, C. C., Eckmann,
C. R., Myong, S., et al. (2015). The disordered P granule protein LAF-1
drives phase separation into droplets with tunable viscosity and dynamics.
Proc. Natl. Acad. Sci. U S A. 112, 7189–7194. doi: 10.1073/pnas.150482
2112

Feric, M., Vaidya, N., Harmon, T. S., Mitrea, D. M., Zhu, L., Richardson, T. M., et al.
(2016). Coexisting liquid phases underlie nucleolar subcompartments. Cell 165,
1686–1697. doi: 10.1016/j.cell.2016.04.047

Fischer, A. H., Bardarov, S. Jr., and Jiang, Z. (2004). Molecular aspects of diagnostic
nucleolar and nuclear envelope changes in prostate cancer. J. Cell Biochem. 91,
170–184. doi: 10.1002/jcb.10735

Fogal, V., Gostissa, M., Sandy, P., Zacchi, P., Sternsdorf, T., Jensen, K., et al. (2000).
Regulation of p53 activity in nuclear bodies by a specific PML isoform. EMBO
J. 19, 6185–6195. doi: 10.1093/emboj/19.22.6185

Fujioka, Y., Alam, J. M., Noshiro, D., Mouri, K., Ando, T., Okada, Y., et al. (2020).
Phase separation organizes the site of autophagosome formation. Nature 578,
301–305. doi: 10.1038/s41586-020-1977-6

Fujioka, Y., Suzuki, S. W., Yamamoto, H., Kondo-Kakuta, C., Kimura, Y., Hirano,
H., et al. (2014). Structural basis of starvation-induced assembly of the
autophagy initiation complex. Nat. Struct. Mol Biol. 21, 513–521. doi: 10.1038/
nsmb.2822

Galganski, L., Urbanek, M. O., and Krzyzosiak, W. J. (2017). Nuclear speckles:
molecular organization, biological function and role in disease. Nucleic Acids
Res. 45, 10350–10368. doi: 10.1093/nar/gkx759

Gao, D., Wu, J., Wu, Y. T., Du, F., Aroh, C., Yan, N., et al. (2013). Cyclic GMP-AMP
synthase is an innate immune sensor of HIV and other retroviruses. Science 341,
903–906. doi: 10.1126/science.1240933

Gao, Y., Pei, G., Li, D., Li, R., Shao, Y., Zhang, Q. C., et al. (2019). Multivalent
m(6)A motifs promote phase separation of YTHDF proteins. Cell Res. 29,
767–769. doi: 10.1038/s41422-019-0210-3

Geng, C., He, B., Xu, L., Barbieri, C. E., Eedunuri, V. K., Chew, S. A., et al. (2013).
Prostate cancer-associated mutations in speckle-type POZ protein (SPOP)
regulate steroid receptor coactivator 3 protein turnover. Proc. Natl. Acad. Sci.
U S A. 110, 6997–7002. doi: 10.1073/pnas.1304502110

Geng, C., Kaochar, S., Li, M., Rajapakshe, K., Fiskus, W., Dong, J., et al.
(2017). SPOP regulates prostate epithelial cell proliferation and promotes
ubiquitination and turnover of c-MYC oncoprotein. Oncogene 36, 4767–4777.
doi: 10.1038/onc.2017.80

Ghosh, S., Salot, S., Sengupta, S., Navalkar, A., Ghosh, D., Jacob, R., et al. (2017).
p53 amyloid formation leading to its loss of function: implications in cancer
pathogenesis. Cell Death Differ. 24, 1784–1798. doi: 10.1038/cdd.2017.105

Gold, M. R., and Reth, M. G. (2019). Antigen receptor function in the context of
the nanoscale organization of the B cell membrane. Annu. Rev. Immunol. 37,
97–123. doi: 10.1146/annurev-immunol-042718-041704

Guo, A., Salomoni, P., Luo, J., Shih, A., Zhong, S., Gu, W., et al. (2000). The
function of PML in p53-dependent apoptosis. Nat. Cell Biol. 2, 730–736. doi:
10.1038/35036365

Hanahan, D., and Weinberg, R. A. (2000). The hallmarks of cancer. Cell 100, 57–70.
doi: 10.1016/s0092-8674(00)81683-9

Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation.
Cell. 144, 646–674. doi: 10.1016/j.cell.2011.02.013

Handwerger, K. E., and Gall, J. G. (2006). Subnuclear organelles: new insights into
form and function. Trends Cell Biol. 16, 19–26. doi: 10.1016/j.tcb.2005.11.005

Hanzlikova, H., and Caldecott, K. W. (2019). Perspectives on PARPs in S Phase.
Trends Genet. 35, 412–422. doi: 10.1016/j.tig.2019.03.008

He, L., Li, H., Wu, A., Peng, Y., Shu, G., and Yin, G. (2019). Functions of N6-
methyladenosine and its role in cancer. Mol. Cancer 18:176. doi: 10.1186/
s12943-019-1109-9

Hnisz, D., Abraham, B. J., Lee, T. I., Lau, A., Saint-Andre, V., Sigova, A. A., et al.
(2013). Super-enhancers in the control of cell identity and disease. Cell 155,
934–947. doi: 10.1016/j.cell.2013.09.053

Hnisz, D., Schuijers, J., Lin, C. Y., Weintraub, A. S., Abraham, B. J., Lee, T. I., et al.
(2015). Convergence of developmental and oncogenic signaling pathways at

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 June 2021 | Volume 9 | Article 631486

https://doi.org/10.1126/science.1172046
https://doi.org/10.1126/science.1172046
https://doi.org/10.1073/pnas.1017150108
https://doi.org/10.4049/jimmunol.172.12.7556
https://doi.org/10.4049/jimmunol.172.12.7556
https://doi.org/10.1083/jcb.200203043
https://doi.org/10.1083/jcb.200203043
https://doi.org/10.1016/j.molcel.2015.09.006
https://doi.org/10.1016/j.devcel.2018.04.001
https://doi.org/10.1016/j.cell.2012.04.031
https://doi.org/10.1016/j.bbcan.2017.11.001
https://doi.org/10.1126/science.aar2555
https://doi.org/10.1126/science.aar2555
https://doi.org/10.1146/annurev.cellbio.20.010403.103738
https://doi.org/10.1146/annurev.cellbio.20.010403.103738
https://doi.org/10.1016/j.sbi.2008.04.002
https://doi.org/10.1128/MCB.00644-17
https://doi.org/10.1016/j.str.2016.07.007
https://doi.org/10.1016/j.str.2016.07.007
https://doi.org/10.1038/363640a0
https://doi.org/10.1111/febs.15056
https://doi.org/10.1016/j.dnarep.2018.08.021
https://doi.org/10.1016/j.tcb.2015.06.002
https://doi.org/10.1146/annurev-physchem-071819-113553
https://doi.org/10.1038/emboj.2010.143
https://doi.org/10.1038/emboj.2010.143
https://doi.org/10.1126/science.aat1022
https://doi.org/10.1126/science.aat1022
https://doi.org/10.1146/annurev-cellbio-100814-125330
https://doi.org/10.1101/cshperspect.a026096
https://doi.org/10.1073/pnas.1504822112
https://doi.org/10.1073/pnas.1504822112
https://doi.org/10.1016/j.cell.2016.04.047
https://doi.org/10.1002/jcb.10735
https://doi.org/10.1093/emboj/19.22.6185
https://doi.org/10.1038/s41586-020-1977-6
https://doi.org/10.1038/nsmb.2822
https://doi.org/10.1038/nsmb.2822
https://doi.org/10.1093/nar/gkx759
https://doi.org/10.1126/science.1240933
https://doi.org/10.1038/s41422-019-0210-3
https://doi.org/10.1073/pnas.1304502110
https://doi.org/10.1038/onc.2017.80
https://doi.org/10.1038/cdd.2017.105
https://doi.org/10.1146/annurev-immunol-042718-041704
https://doi.org/10.1038/35036365
https://doi.org/10.1038/35036365
https://doi.org/10.1016/s0092-8674(00)81683-9
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.tcb.2005.11.005
https://doi.org/10.1016/j.tig.2019.03.008
https://doi.org/10.1186/s12943-019-1109-9
https://doi.org/10.1186/s12943-019-1109-9
https://doi.org/10.1016/j.cell.2013.09.053
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-631486 June 17, 2021 Time: 13:31 # 13

Lu et al. Liquid–Liquid Phase Separation and Cancer

transcriptional super-enhancers. Mol. Cell 58, 362–370. doi: 10.1016/j.molcel.
2015.02.014

Hnisz, D., Shrinivas, K., Young, R. A., Chakraborty, A. K., and Sharp, P. A.
(2017). A phase separation model for transcriptional control. Cell 169, 13–23.
doi: 10.1016/j.cell.2017.02.007

Huang, W. Y., Yan, Q., Lin, W. C., Chung, J. K., Hansen, S. D., Christensen, S. M.,
et al. (2016). Phosphotyrosine-mediated LAT assembly on membranes drives
kinetic bifurcation in recruitment dynamics of the Ras activator SOS. Proc. Natl.
Acad. Sci. U S A. 113, 8218–8223. doi: 10.1073/pnas.1602602113

Hui, E., Cheung, J., Zhu, J., Su, X., Taylor, M. J., Wallweber, H. A., et al. (2017). T cell
costimulatory receptor CD28 is a primary target for PD-1-mediated inhibition.
Science 355, 1428–1433. doi: 10.1126/science.aaf1292

Jackson, S. P., and Bartek, J. (2009). The DNA-damage response in human biology
and disease. Nature 461, 1071–1078. doi: 10.1038/nature08467

Jain, S., Wheeler, J. R., Walters, R. W., Agrawal, A., Barsic, A., and Parker, R.
(2016). ATPase-Modulated stress granules contain a diverse proteome and
substructure. Cell 164, 487–498. doi: 10.1016/j.cell.2015.12.038

Jiang, X., Li, X., Li, W., Bai, H., and Zhang, Z. (2019). PARP inhibitors in ovarian
cancer: sensitivity prediction and resistance mechanisms. J. Cell Mol. Med. 23,
2303–2313. doi: 10.1111/jcmm.14133

Jones, N., Blasutig, I. M., Eremina, V., Ruston, J. M., Bladt, F., Li, H., et al.
(2006). Nck adaptor proteins link nephrin to the actin cytoskeleton of kidney
podocytes. Nature 440, 818–823. doi: 10.1038/nature04662

Jung, C. H., Ro, S. H., Cao, J., Otto, N. M., and Kim, D. H. (2010). mTOR regulation
of autophagy. FEBS Lett. 584, 1287–1295. doi: 10.1016/j.febslet.2010.01.017

Kamagata, K., Kanbayashi, S., Honda, M., Itoh, Y., Takahashi, H., Kameda, T.,
et al. (2020). Liquid-like droplet formation by tumor suppressor p53 induced
by multivalent electrostatic interactions between two disordered domains. Sci.
Rep. 10:580. doi: 10.1038/s41598-020-57521-w

Kamaletdinova, T., Fanaei-Kahrani, Z., and Wang, Z. Q. (2019). The enigmatic
function of PARP1: from PARylation activity to PAR readers. Cells 8:1625.
doi: 10.3390/cells8121625

Kilic, S., Lezaja, A., Gatti, M., Bianco, E., Michelena, J., Imhof, R., et al.
(2019). Phase separation of 53BP1 determines liquid-like behavior of
DNA repair compartments. EMBO J. 38:e101379. doi: 10.15252/embj.201810
1379

Kim, D. S., Challa, S., Jones, A., and Kraus, W. L. (2020). PARPs and ADP-
ribosylation in RNA biology: from RNA expression and processing to protein
translation and proteostasis. Genes Dev. 34, 302–320. doi: 10.1101/gad.334433.
119

Kim, H. J., Kim, N. C., Wang, Y. D., Scarborough, E. A., Moore, J., Diaz, Z.,
et al. (2013). Mutations in prion-like domains in hnRNPA2B1 and hnRNPA1
cause multisystem proteinopathy and ALS. Nature 495, 467–473. doi: 10.1038/
nature11922

Kim, W., Kim, M., and Jho, E. H. (2013). Wnt/beta-catenin signalling: from plasma
membrane to nucleus. Biochem. J. 450, 9–21. doi: 10.1042/BJ20121284

Kim, Y. C., and Guan, K. L. (2015). mTOR: a pharmacologic target for autophagy
regulation. J. Clin. Invest. 125, 25–32. doi: 10.1172/JCI73939

Kumari, S., Depoil, D., Martinelli, R., Judokusumo, E., Carmona, G., Gertler, F. B.,
et al. (2015). Actin foci facilitate activation of the phospholipase C-gamma in
primary T lymphocytes via the WASP pathway. eLife 4:e04953. doi: 10.7554/
eLife.04953

Kwiatkowski, N., Zhang, T., Rahl, P. B., Abraham, B. J., Reddy, J., Ficarro, S. B.,
et al. (2014). Targeting transcription regulation in cancer with a covalent CDK7
inhibitor. Nature 511, 616–620. doi: 10.1038/nature13393

Lawrence, M. S., Stojanov, P., Mermel, C. H., Robinson, J. T., Garraway, L. A.,
Golub, T. R., et al. (2014). Discovery and saturation analysis of cancer genes
across 21 tumour types. Nature 505, 495–501. doi: 10.1038/nature12912

Lee, A. S., Galea, C., DiGiammarino, E. L., Jun, B., Murti, G., Ribeiro, R. C., et al.
(2003). Reversible amyloid formation by the p53 tetramerization domain and
a cancer-associated mutant. J. Mol. Biol. 327, 699–709. doi: 10.1016/s0022-
2836(03)00175-x

Lemos, C., Schulze, L., Weiske, J., Meyer, H., Braeuer, N., Barak, N., et al. (2020).
Identification of small molecules that modulate mutant p53 condensation.
iScience 23:101517. doi: 10.1016/j.isci.2020.101517

Li, G., Ci, W., Karmakar, S., Chen, K., Dhar, R., Fan, Z., et al. (2014). SPOP
promotes tumorigenesis by acting as a key regulatory hub in kidney cancer.
Cancer Cell 25, 455–468. doi: 10.1016/j.ccr.2014.02.007

Li, J., Kim, S. G., and Blenis, J. (2014). Rapamycin: one drug, many effects. Cell
Metab. 19, 373–379. doi: 10.1016/j.cmet.2014.01.001

Li, P., Banjade, S., Cheng, H. C., Kim, S., Chen, B., Guo, L., et al. (2012). Phase
transitions in the assembly of multivalent signalling proteins. Nature 483,
336–340. doi: 10.1038/nature10879

Lin, Y., Protter, D. S., Rosen, M. K., and Parker, R. (2015). Formation and
maturation of phase-separated liquid droplets by RNA-Binding proteins. Mol.
Cell 60, 208–219. doi: 10.1016/j.molcel.2015.08.018

Liu, S. Y., Feng, Y., Wu, J. J., Zou, M. L., Sun, Z. L., Li, X., et al. (2020).
m(6) A facilitates YTHDF-independent phase separation. J. Cell Mol. Med. 24,
2070–2072. doi: 10.1111/jcmm.14847

Loven, J., Hoke, H. A., Lin, C. Y., Lau, A., Orlando, D. A., Vakoc, C. R., et al. (2013).
Selective inhibition of tumor oncogenes by disruption of super-enhancers. Cell
153, 320–334. doi: 10.1016/j.cell.2013.03.036

Ma, S., Chen, C., Ji, X., Liu, J., Zhou, Q., Wang, G., et al. (2019). The interplay
between m6A RNA methylation and noncoding RNA in cancer. J. Hematol.
Oncol. 12:121. doi: 10.1186/s13045-019-0805-7

Mackenzie, I. R., Nicholson, A. M., Sarkar, M., Messing, J., Purice, M. D.,
Pottier, C., et al. (2017). TIA1 mutations in amyotrophic lateral sclerosis and
frontotemporal dementia promote phase separation and alter stress granule
dynamics. Neuron 95:e9. doi: 10.1016/j.neuron.2017.07.025

Maharana, S., Wang, J., Papadopoulos, D. K., Richter, D., Pozniakovsky, A., Poser,
I., et al. (2018). RNA buffers the phase separation behavior of prion-like RNA
binding proteins. Science 360, 918–921. doi: 10.1126/science.aar7366

Mani, R. S. (2014). The emerging role of speckle-type POZ protein (SPOP) in
cancer development. Drug Discov Today 19, 1498–1502. doi: 10.1016/j.drudis.
2014.07.009

Mansour, M. R., Abraham, B. J., Anders, L., Berezovskaya, A., Gutierrez, A.,
Durbin, A. D., et al. (2014). Oncogene regulation. an oncogenic super-enhancer
formed through somatic mutation of a noncoding intergenic element. Science
346, 1373–1377. doi: 10.1126/science.1259037

Mantovani, F., Collavin, L., and Del Sal, G. (2019). Mutant p53 as a guardian of the
cancer cell. Cell Death Differ. 26, 199–212. doi: 10.1038/s41418-018-0246-9

Mao, Y. S., Sunwoo, H., Zhang, B., and Spector, D. L. (2011b). Direct visualization
of the co-transcriptional assembly of a nuclear body by noncoding RNAs. Nat.
Cell Biol. 13, 95–101. doi: 10.1038/ncb2140

Mao, Y. S., Zhang, B., and Spector, D. L. (2011a). Biogenesis and function of nuclear
bodies. Trends Genet. 27, 295–306. doi: 10.1016/j.tig.2011.05.006

Marzahn, M. R., Marada, S., Lee, J., Nourse, A., Kenrick, S., Zhao, H., et al. (2016).
Higher-order oligomerization promotes localization of SPOP to liquid nuclear
speckles. EMBO J. 35, 1254–1275. doi: 10.15252/embj.201593169

Melo Dos, Santos, N., de Oliveira, G. A. P., Ramos Rocha, M., Pedrote,
M. M., Diniz, et al. (2019). Loss of the p53 transactivation domain results
in high amyloid aggregation of the Delta40p53 isoform in endometrial
carcinoma cells. J. Biol. Chem. 294, 9430–9439. doi: 10.1074/jbc.RA119.00
7566

Milovanovic, D., Wu, Y., Bian, X., and De Camilli, P. (2018). A liquid phase of
synapsin and lipid vesicles. Science 361, 604–607. doi: 10.1126/science.aat5671

Mirza-Aghazadeh-Attari, M., Mohammadzadeh, A., Yousefi, B., Mihanfar, A.,
Karimian, A., and Majidinia, M. (2019). 53BP1: a key player of DNA damage
response with critical functions in cancer. DNA Repair (Amst) 73, 110–119.
doi: 10.1016/j.dnarep.2018.11.008

Misteli, T., and Soutoglou, E. (2009). The emerging role of nuclear architecture in
DNA repair and genome maintenance. Nat. Rev. Mol. Cell Biol. 10, 243–254.
doi: 10.1038/nrm2651

Molliex, A., Temirov, J., Lee, J., Coughlin, M., Kanagaraj, A. P., Kim, H. J., et al.
(2015). Phase separation by low complexity domains promotes stress granule
assembly and drives pathological fibrillization. Cell 163, 123–133. doi: 10.1016/
j.cell.2015.09.015

Monahan, Z., Ryan, V. H., Janke, A. M., Burke, K. A., Rhoads, S. N., Zerze, G. H.,
et al. (2017). Phosphorylation of the FUS low-complexity domain disrupts
phase separation, aggregation, and toxicity. EMBO J. 36, 2951–2967. doi: 10.
15252/embj.201696394

Mugler, C. F., Hondele, M., Heinrich, S., Sachdev, R., Vallotton, P., Koek, A. Y., et al.
(2016). ATPase activity of the DEAD-box protein Dhh1 controls processing
body formation. eLife 5:e18746. doi: 10.7554/eLife.18746

Muller, P. A., and Vousden, K. H. (2013). p53 mutations in cancer. Nat. Cell Biol.
15, 2–8. doi: 10.1038/ncb2641

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 June 2021 | Volume 9 | Article 631486

https://doi.org/10.1016/j.molcel.2015.02.014
https://doi.org/10.1016/j.molcel.2015.02.014
https://doi.org/10.1016/j.cell.2017.02.007
https://doi.org/10.1073/pnas.1602602113
https://doi.org/10.1126/science.aaf1292
https://doi.org/10.1038/nature08467
https://doi.org/10.1016/j.cell.2015.12.038
https://doi.org/10.1111/jcmm.14133
https://doi.org/10.1038/nature04662
https://doi.org/10.1016/j.febslet.2010.01.017
https://doi.org/10.1038/s41598-020-57521-w
https://doi.org/10.3390/cells8121625
https://doi.org/10.15252/embj.2018101379
https://doi.org/10.15252/embj.2018101379
https://doi.org/10.1101/gad.334433.119
https://doi.org/10.1101/gad.334433.119
https://doi.org/10.1038/nature11922
https://doi.org/10.1038/nature11922
https://doi.org/10.1042/BJ20121284
https://doi.org/10.1172/JCI73939
https://doi.org/10.7554/eLife.04953
https://doi.org/10.7554/eLife.04953
https://doi.org/10.1038/nature13393
https://doi.org/10.1038/nature12912
https://doi.org/10.1016/s0022-2836(03)00175-x
https://doi.org/10.1016/s0022-2836(03)00175-x
https://doi.org/10.1016/j.isci.2020.101517
https://doi.org/10.1016/j.ccr.2014.02.007
https://doi.org/10.1016/j.cmet.2014.01.001
https://doi.org/10.1038/nature10879
https://doi.org/10.1016/j.molcel.2015.08.018
https://doi.org/10.1111/jcmm.14847
https://doi.org/10.1016/j.cell.2013.03.036
https://doi.org/10.1186/s13045-019-0805-7
https://doi.org/10.1016/j.neuron.2017.07.025
https://doi.org/10.1126/science.aar7366
https://doi.org/10.1016/j.drudis.2014.07.009
https://doi.org/10.1016/j.drudis.2014.07.009
https://doi.org/10.1126/science.1259037
https://doi.org/10.1038/s41418-018-0246-9
https://doi.org/10.1038/ncb2140
https://doi.org/10.1016/j.tig.2011.05.006
https://doi.org/10.15252/embj.201593169
https://doi.org/10.1074/jbc.RA119.007566
https://doi.org/10.1074/jbc.RA119.007566
https://doi.org/10.1126/science.aat5671
https://doi.org/10.1016/j.dnarep.2018.11.008
https://doi.org/10.1038/nrm2651
https://doi.org/10.1016/j.cell.2015.09.015
https://doi.org/10.1016/j.cell.2015.09.015
https://doi.org/10.15252/embj.201696394
https://doi.org/10.15252/embj.201696394
https://doi.org/10.7554/eLife.18746
https://doi.org/10.1038/ncb2641
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-631486 June 17, 2021 Time: 13:31 # 14

Lu et al. Liquid–Liquid Phase Separation and Cancer

Murugan, A. K. (2019). mTOR: role in cancer, metastasis and drug resistance.
Semin. Cancer Biol. 59, 92–111. doi: 10.1016/j.semcancer.2019.07.003

Nagai, Y., Kojima, T., Muro, Y., Hachiya, T., Nishizawa, Y., Wakabayashi, T., et al.
(1997). Identification of a novel nuclear speckle-type protein. SPOP. FEBS Lett.
418, 23–26. doi: 10.1016/s0014-5793(97)01340-9

Nott, T. J., Petsalaki, E., Farber, P., Jervis, D., Fussner, E., Plochowietz, A.,
et al. (2015). Phase transition of a disordered nuage protein generates
environmentally responsive membraneless organelles. Mol. Cell 57, 936–947.
doi: 10.1016/j.molcel.2015.01.013

Pahi, Z. G., Borsos, B. N., Pantazi, V., Ujfaludi, Z., and Pankotai, T. (2020).
PARylation during transcription: insights into the fine-tuning mechanism and
regulation. Cancers (Basel) 12:183. doi: 10.3390/cancers12010183

Panier, S., and Boulton, S. J. (2014). Double-strand break repair: 53BP1 comes into
focus. Nat. Rev. Mol. Cell Biol. 15, 7–18. doi: 10.1038/nrm3719

Patel, A., Lee, H. O., Jawerth, L., Maharana, S., Jahnel, M., Hein, M. Y., et al. (2015).
A liquid-to-solid phase transition of the ALS protein FUS accelerated by disease
mutation. Cell 162, 1066–1077. doi: 10.1016/j.cell.2015.07.047

Patel, A., Malinovska, L., Saha, S., Wang, J., Alberti, S., Krishnan, Y., et al. (2017).
ATP as a biological hydrotrope. Science 356, 753–756. doi: 10.1126/science.
aaf6846

Pederson, T. (2011). The nucleolus. Cold Spring Harb. Perspect. Biol. 3:a000638.
doi: 10.1101/cshperspect.a000638

Pedrote, M. M., de Oliveira, G. A. P., Felix, A. L., Mota, M. F., Marques, M. A.,
Soares, I. N., et al. (2018). Aggregation-primed molten globule conformers of
the p53 core domain provide potential tools for studying p53C aggregation
in cancer. J. Biol. Chem. 293, 11374–11387. doi: 10.1074/jbc.RA118.00
3285

Pedrote, M. M., Motta, M. F., Ferretti, G. D. S., Norberto, D. R., Spohr, T., Lima,
F. R. S., et al. (2020). Oncogenic gain of function in glioblastoma is linked
to mutant p53 amyloid oligomers. iScience 23:100820. doi: 10.1016/j.isci.2020.
100820

Pessina, F., Giavazzi, F., Yin, Y., Gioia, U., Vitelli, V., Galbiati, A., et al. (2019).
Functional transcription promoters at DNA double-strand breaks mediate
RNA-driven phase separation of damage-response factors. Nat. Cell Biol. 21,
1286–1299. doi: 10.1038/s41556-019-0392-4

Phair, R. D., and Misteli, T. (2000). High mobility of proteins in the mammalian
cell nucleus. Nature 404, 604–609. doi: 10.1038/35007077

Proudhon, C., Snetkova, V., Raviram, R., Lobry, C., Badri, S., Jiang, T., et al.
(2016). Active and inactive enhancers cooperate to exert localized and long-
range control of gene regulation. Cell Rep. 15, 2159–2169. doi: 10.1016/j.celrep.
2016.04.087

Ray Chaudhuri, A., and Nussenzweig, A. (2017). The multifaceted roles of PARP1
in DNA repair and chromatin remodelling. Nat. Rev. Mol. Cell Biol. 18, 610–621.
doi: 10.1038/nrm.2017.53

Riback, J. A., Katanski, C. D., Kear-Scott, J. L., Pilipenko, E. V., Rojek, A. E.,
Sosnick, T. R., et al. (2017). Stress-Triggered phase separation is an adaptive.
Evol. Tuned Response. Cell 168:e19. doi: 10.1016/j.cell.2017.02.027

Ries, R. J., Zaccara, S., Klein, P., Olarerin-George, A., Namkoong, S., Pickering,
B. F., et al. (2019). m(6)A enhances the phase separation potential of mRNA.
Nature 571, 424–428. doi: 10.1038/s41586-019-1374-1

Rohatgi, R., Nollau, P., Ho, H. Y., Kirschner, M. W., and Mayer, B. J. (2001).
Nck and phosphatidylinositol 4,5-bisphosphate synergistically activate actin
polymerization through the N-WASP-Arp2/3 pathway. J. Biol. Chem. 276,
26448–26452. doi: 10.1074/jbc.M103856200

Rouleau, M., Patel, A., Hendzel, M. J., Kaufmann, S. H., and Poirier, G. G. (2010).
PARP inhibition: PARP1 and beyond. Nat. Rev. Cancer 10, 293–301. doi: 10.
1038/nrc2812

Ryan, V. H., Dignon, G. L., Zerze, G. H., Chabata, C. V., Silva, R., Conicella,
A. E., et al. (2018). Mechanistic view of hnRNPA2 low-complexity domain
structure. interactions, and phase separation altered by mutation and arginine
methylation. Mol. Cell 69:e7. doi: 10.1016/j.molcel.2017.12.022

Sabari, B. R., Dall’Agnese, A., Boija, A., Klein, I. A., Coffey, E. L., Shrinivas, K., et al.
(2018). Coactivator condensation at super-enhancers links phase separation
and gene control. Science 361:eaar3958. doi: 10.1126/science.aar3958

Saha, S., Weber, C. A., Nousch, M., Adame-Arana, O., Hoege, C., Hein, M. Y.,
et al. (2016). Polar positioning of phase-separated liquid compartments in cells
regulated by an mRNA competition mechanism. Cell 166:e16. doi: 10.1016/j.
cell.2016.08.006

Samelson, L. E. (2002). Signal transduction mediated by the T cell antigen receptor:
the role of adapter proteins. Annu. Rev. Immunol. 20, 371–394. doi: 10.1146/
annurev.immunol.20.092601.111357

Sanchez-Martin, P., Saito, T., and Komatsu, M. (2019). p62/SQSTM1: ’Jack of all
trades’ in health and cancer. FEBS J. 286, 8–23. doi: 10.1111/febs.14712

Saxton, R. A., and Sabatini, D. M. (2017). mTOR Signaling in Growth. Metab. Dis.
Cell 168, 960–976. doi: 10.1016/j.cell.2017.02.004

Schochter, F., Werner, K., Kostler, C., Faul, A., Tzschaschel, M., Alberter, B., et al.
(2020). 53BP1 accumulation in circulating tumor cells identifies chemotherapy-
responsive metastatic breast cancer patients. Cancers (Basel) 12:930. doi: 10.
3390/cancers12040930

Scholz, B. A., Sumida, N., de Lima, C. D. M., Chachoua, I., Martino, M., Tzelepis, I.,
et al. (2019). WNT signaling and AHCTF1 promote oncogenic MYC expression
through super-enhancer-mediated gene gating. Nat. Genet. 51, 1723–1731. doi:
10.1038/s41588-019-0535-3

Schumacher, T. N. (2002). T-cell-receptor gene therapy. Nat. Rev. Immunol. 2,
512–519. doi: 10.1038/nri841

Schwarz-Romond, T., Merrifield, C., Nichols, B. J., and Bienz, M. (2005). The
Wnt signalling effector dishevelled forms dynamic protein assemblies rather
than stable associations with cytoplasmic vesicles. J. Cell Sci. 118, 5269–5277.
doi: 10.1242/jcs.02646

Sengupta, S., and George, R. E. (2017). Super-Enhancer-Driven transcriptional
dependencies in cancer. Trends Cancer 3, 269–281. doi: 10.1016/j.trecan.2017.
03.006

Shav-Tal, Y., Blechman, J., Darzacq, X., Montagna, C., Dye, B. T., Patton, J. G.,
et al. (2005). Dynamic sorting of nuclear components into distinct nucleolar
caps during transcriptional inhibition. Mol. Biol Cell. 16, 2395–2413. doi: 10.
1091/mbc.e04-11-0992

Shevtsov, S. P., and Dundr, M. (2011). Nucleation of nuclear bodies by RNA. Nat.
Cell Biol. 13, 167–173. doi: 10.1038/ncb2157

Shin, Y., and Brangwynne, C. P. (2017). Liquid phase condensation in
cell physiology and disease. Science 357:eaaf4382. doi: 10.1126/science.aaf
4382

Silva, J. L., De Moura Gallo, C. V., Costa, D. C., and Rangel, L. P. (2014). Prion-
like aggregation of mutant p53 in cancer. Trends Biochem. Sci. 39, 260–267.
doi: 10.1016/j.tibs.2014.04.001

Slade, D. (2020). PARP and PARG inhibitors in cancer treatment. Genes Dev. 34,
360–394. doi: 10.1101/gad.334516.119

Snaar, S., Wiesmeijer, K., Jochemsen, A. G., Tanke, H. J., and Dirks, R. W. (2000).
Mutational analysis of fibrillarin and its mobility in living human cells. J. Cell
Biol. 151, 653–662. doi: 10.1083/jcb.151.3.653

Su, X., Ditlev, J. A., Hui, E., Xing, W., Banjade, S., Okrut, J., et al. (2016). Phase
separation of signaling molecules promotes T cell receptor signal transduction.
Science 352, 595–599. doi: 10.1126/science.aad9964

Sun, D., Wu, R., Zheng, J., Li, P., and Yu, L. (2018). Polyubiquitin chain-induced
p62 phase separation drives autophagic cargo segregation. Cell Res. 28, 405–415.
doi: 10.1038/s41422-018-0017-7

Sun, L., Wu, J., Du, F., Chen, X., and Chen, Z. J. (2013). Cyclic GMP-AMP synthase
is a cytosolic DNA sensor that activates the type I interferon pathway. Science
339, 786–791. doi: 10.1126/science.1232458

Uversky, V. N. (2017). Intrinsically disordered proteins in overcrowded milieu:
membrane-less organelles, phase separation, and intrinsic disorder. Curr. Opin.
Struct. Biol. 44, 18–30. doi: 10.1016/j.sbi.2016.10.015

Wagner, R., and Barry, M. (1836). Some remarks and inquiries concerning
the germinal vesicle (Vesicula Germinativa.). Edinb. Med. Surg. J. 45,
423–426.

Wang, J., Choi, J. M., Holehouse, A. S., Lee, H. O., Zhang, X., Jahnel, M., et al.
(2018). A molecular grammar governing the driving forces for phase separation
of prion-like RNA binding proteins. Cell 174:e16. doi: 10.1016/j.cell.2018.06.
006

Wang, J., Wang, L., Diao, J., Shi, Y. G., Shi, Y., Ma, H., et al. (2020). Binding to
m(6)A RNA promotes YTHDF2-mediated phase separation. Protein Cell. 11,
304–307. doi: 10.1007/s13238-019-00660-2

Wang, Z., Song, Y., Ye, M., Dai, X., Zhu, X., and Wei, W. (2020). The diverse roles
of SPOP in prostate cancer and kidney cancer. Nat. Rev. Urol. 17, 339–350.
doi: 10.1038/s41585-020-0314-z

Wegmann, S., Eftekharzadeh, B., Tepper, K., Zoltowska, K. M., Bennett, R. E.,
Dujardin, S., et al. (2018). Tau protein liquid-liquid phase separation

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 June 2021 | Volume 9 | Article 631486

https://doi.org/10.1016/j.semcancer.2019.07.003
https://doi.org/10.1016/s0014-5793(97)01340-9
https://doi.org/10.1016/j.molcel.2015.01.013
https://doi.org/10.3390/cancers12010183
https://doi.org/10.1038/nrm3719
https://doi.org/10.1016/j.cell.2015.07.047
https://doi.org/10.1126/science.aaf6846
https://doi.org/10.1126/science.aaf6846
https://doi.org/10.1101/cshperspect.a000638
https://doi.org/10.1074/jbc.RA118.003285
https://doi.org/10.1074/jbc.RA118.003285
https://doi.org/10.1016/j.isci.2020.100820
https://doi.org/10.1016/j.isci.2020.100820
https://doi.org/10.1038/s41556-019-0392-4
https://doi.org/10.1038/35007077
https://doi.org/10.1016/j.celrep.2016.04.087
https://doi.org/10.1016/j.celrep.2016.04.087
https://doi.org/10.1038/nrm.2017.53
https://doi.org/10.1016/j.cell.2017.02.027
https://doi.org/10.1038/s41586-019-1374-1
https://doi.org/10.1074/jbc.M103856200
https://doi.org/10.1038/nrc2812
https://doi.org/10.1038/nrc2812
https://doi.org/10.1016/j.molcel.2017.12.022
https://doi.org/10.1126/science.aar3958
https://doi.org/10.1016/j.cell.2016.08.006
https://doi.org/10.1016/j.cell.2016.08.006
https://doi.org/10.1146/annurev.immunol.20.092601.111357
https://doi.org/10.1146/annurev.immunol.20.092601.111357
https://doi.org/10.1111/febs.14712
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.3390/cancers12040930
https://doi.org/10.3390/cancers12040930
https://doi.org/10.1038/s41588-019-0535-3
https://doi.org/10.1038/s41588-019-0535-3
https://doi.org/10.1038/nri841
https://doi.org/10.1242/jcs.02646
https://doi.org/10.1016/j.trecan.2017.03.006
https://doi.org/10.1016/j.trecan.2017.03.006
https://doi.org/10.1091/mbc.e04-11-0992
https://doi.org/10.1091/mbc.e04-11-0992
https://doi.org/10.1038/ncb2157
https://doi.org/10.1126/science.aaf4382
https://doi.org/10.1126/science.aaf4382
https://doi.org/10.1016/j.tibs.2014.04.001
https://doi.org/10.1101/gad.334516.119
https://doi.org/10.1083/jcb.151.3.653
https://doi.org/10.1126/science.aad9964
https://doi.org/10.1038/s41422-018-0017-7
https://doi.org/10.1126/science.1232458
https://doi.org/10.1016/j.sbi.2016.10.015
https://doi.org/10.1016/j.cell.2018.06.006
https://doi.org/10.1016/j.cell.2018.06.006
https://doi.org/10.1007/s13238-019-00660-2
https://doi.org/10.1038/s41585-020-0314-z
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-631486 June 17, 2021 Time: 13:31 # 15

Lu et al. Liquid–Liquid Phase Separation and Cancer

can initiate tau aggregation. EMBO J. 37:e98049. doi: 10.15252/embj.20179
8049

Wei, S. C., Duffy, C. R., and Allison, J. P. (2018). Fundamental mechanisms of
immune checkpoint blockade therapy. Cancer Discov. 8, 1069–1086. doi: 10.
1158/2159-8290.CD-18-0367

Whyte, W. A., Orlando, D. A., Hnisz, D., Abraham, B. J., Lin, C. Y., Kagey,
M. H., et al. (2013). Master transcription factors and mediator establish super-
enhancers at key cell identity genes. Cell 153, 307–319. doi: 10.1016/j.cell.2013.
03.035

Wsierska-Gadek, J., and Horky, M. (2003). How the nucleolar sequestration of p53
protein or its interplayers contributes to its (re)-activation. Ann. N Y Acad. Sci.
1010, 266–272. doi: 10.1196/annals.1299.046

Yamamoto, H., Fujioka, Y., Suzuki, S. W., Noshiro, D., Suzuki, H., Kondo-
Kakuta, C., et al. (2016). The intrinsically disordered protein Atg13 mediates
supramolecular assembly of autophagy initiation complexes. Dev. Cell 38,
86–99. doi: 10.1016/j.devcel.2016.06.015

Yanagawa, S., van Leeuwen, F., Wodarz, A., Klingensmith, J., and Nusse, R. (1995).
The dishevelled protein is modified by wingless signaling in Drosophila. Genes
Dev. 9, 1087–1097. doi: 10.1101/gad.9.9.1087

Yang, D. S., Saeedi, A., Davtyan, A., Fathi, M., Safari, M. S., Klindziuk, A., et al.
(2020). Mesoscopic liquid clusters represent a distinct condensate of mutant
p53. BioRxiv [Preprint] doi: 10.1101/2020.02.04.931980

Yang, J., Jing, L., Liu, C. J., Bai, W. W., and Zhu, S. C. (2019). 53BP1 regulates
cell cycle arrest in esophageal cancer model. Eur. Rev. Med. Pharmacol. Sci. 23,
604–612. doi: 10.26355/eurrev_201901_16874

Youn, J. Y., Dyakov, B. J. A., Zhang, J., Knight, J. D. R., Vernon, R. M., Forman-
Kay, J. D., et al. (2019). Properties of stress granule and p-body proteomes. Mol.
Cell. 76, 286–294. doi: 10.1016/j.molcel.2019.09.014

Zaffagnini, G., Savova, A., Danieli, A., Romanov, J., Tremel, S., Ebner, M., et al.
(2018). p62 filaments capture and present ubiquitinated cargos for autophagy.
EMBO J. 37:e98308. doi: 10.15252/embj.201798308

Zhang, H., Elbaum-Garfinkle, S., Langdon, E. M., Taylor, N., Occhipinti, P.,
Bridges, A. A., et al. (2015). RNA controls PolyQ protein phase transitions. Mol.
Cell 60, 220–230. doi: 10.1016/j.molcel.2015.09.017

Zhang, Q., Shi, Q., Chen, Y., Yue, T., Li, S., Wang, B., et al. (2009). Multiple
Ser/Thr-rich degrons mediate the degradation of Ci/Gli by the Cul3-HIB/SPOP
E3 ubiquitin ligase. Proc. Natl. Acad. Sci. U S A. 106, 21191–21196. doi: 10.1073/
pnas.0912008106

Zhang, Q., Zhang, L., Wang, B., Ou, C. Y., Chien, C. T., and Jiang, J. (2006). A
hedgehog-induced BTB protein modulates hedgehog signaling by degrading
Ci/Gli transcription factor. Dev. Cell 10, 719–729. doi: 10.1016/j.devcel.2006.
05.004

Zhang, W., Sloan-Lancaster, J., Kitchen, J., Trible, R. P., and Samelson, L. E. (1998).
LAT: the ZAP-70 tyrosine kinase substrate that links T cell receptor to cellular
activation. Cell 92, 83–92. doi: 10.1016/s0092-8674(00)80901-0

Zhang, Y., Xu, L., Chang, Y., Li, Y., Butler, W., Jin, E., et al. (2020). Therapeutic
potential of ReACp53 targeting mutant p53 protein in CRPC. Prostate Cancer
Prostatic Dis. 23, 160–171. doi: 10.1038/s41391-019-0172-z

Zhu, H., Wei, M., Xu, J., Hua, J., Liang, C., Meng, Q., et al. (2020). PARP inhibitors
in pancreatic cancer: molecular mechanisms and clinical applications. Mol.
Cancer 19:49. doi: 10.1186/s12943-020-01167-9

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Lu, Qian, Xu, Yin, Zhou, Zheng and Zhang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 June 2021 | Volume 9 | Article 631486

https://doi.org/10.15252/embj.201798049
https://doi.org/10.15252/embj.201798049
https://doi.org/10.1158/2159-8290.CD-18-0367
https://doi.org/10.1158/2159-8290.CD-18-0367
https://doi.org/10.1016/j.cell.2013.03.035
https://doi.org/10.1016/j.cell.2013.03.035
https://doi.org/10.1196/annals.1299.046
https://doi.org/10.1016/j.devcel.2016.06.015
https://doi.org/10.1101/gad.9.9.1087
https://doi.org/10.1101/2020.02.04.931980
https://doi.org/10.26355/eurrev_201901_16874
https://doi.org/10.1016/j.molcel.2019.09.014
https://doi.org/10.15252/embj.201798308
https://doi.org/10.1016/j.molcel.2015.09.017
https://doi.org/10.1073/pnas.0912008106
https://doi.org/10.1073/pnas.0912008106
https://doi.org/10.1016/j.devcel.2006.05.004
https://doi.org/10.1016/j.devcel.2006.05.004
https://doi.org/10.1016/s0092-8674(00)80901-0
https://doi.org/10.1038/s41391-019-0172-z
https://doi.org/10.1186/s12943-020-01167-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Emerging Roles of Liquid–Liquid Phase Separation in Cancer: From Protein Aggregation to Immune-Associated Signaling
	Introduction
	Molecular-Level Rules and Components of Llps
	Regulation of Llps in Cellular Activities
	The Emerging Role of Llps in Cancer
	P53 Protein Aggregation: Question to Answer
	Maintenance of Genome Stability
	SPOP
	Transcription and Super-Enhancers

	Transmembrane Signaling Transduction Regulated by Llps: Implications in Cancer
	LLPS in Immune-Relevant Signaling Pathways
	Autophagy-Relevant Signaling Pathways

	Conclusion
	Author Contributions
	Funding
	References


